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Preface 


Four years ago when we started the preparation ci this book, we 
hoped to give a survey of well-establish^ oceanographic knowledge, 
but it soon became apparent that the book could not be brought up to 
date without summarizing and synthemzing the wealth of information 
that has been acquired within the past dozen years, .as well as the many 
new ideas that have been advanced. Ck>nsequently, the book has 
grown far beyond its originally planned scope, and the presentation 
has become colored by the personal concepts of the authors. Dis- 
cussion of many topics, such as the absorption of radiation in the sea, 
the relations of organisms to the chemical composition of sea water, or 
the productivity of the sea, has led to tentative conclusions tiiat are 
perhaps presented here as better substantiated than is actually the 
case. At the risk of premature ^neralizations we have, however, 
preferred definite statements to mere enumeration of uncorrelated 
observations and conflicting interpretations, believing that the treatment 
selected would be more stimulating. 

The book is intended to provide a good deal of factual information, 
but above all it should be an aid to the beginner and specialist alike in the 
coordination of the various fields of oceanography. The lists of litera- 
ture at the ends of chapters are not intended to be exhaustive, but will 
serve as guides to recent publications. When possible, reference is made 
to books containing comprehensive bibliographies rather than to originid 
papers. 

We are much indebted to our colleagues at the Scripps Institution of 
Oceanography for their numerous helpful suggestions and their construc- 
tive criticism of many (Mirts of the book. We are also obliged to Mr. 
John A. Fleming, Director of the Department of Terrestrial Magnetism, 
Gamete Institution of Washington, for permitting free use of unpub- 
lished data from the last cruise of the Carnegie. 

We extend our thanks to Dr. L. liiltk for assistance in carrying out a 
large number of computations, to Mr. E. C. La Fond for preparation of 
most of the graphs and charts, to the American Association of Petroleum 
eulogists and the G. M. Manufacturing Company of New York for 
use of illustrations published by them, and to the University of Chicago 
Press for use of ^e Goode Base Maps. Miss Ruth Ragan has rendered 
invaluable aaristanee in correcting and checking manuscript and proofs 
and in compiling the bibliographies. AuOwre. 
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Introduction 


Oceanography embraces all studies pertaining to the sea and iiute> 
grates the knowledge gained in the marine sci^ces that deid with such 
subjects as the ocean boundaries and bottom topography, the pi^cs and 
chemistry of sea water, the types of currents, and the many phases of 
marine biology. The close interrdation and mutual dependence of the 
angle marine sciences have long been recognised. Thus, the first report, 
in 1902, of the administration of the International Council tor the Study 
of the Sea, states: 

. . . it WPS seen from the beginning that the study of the physital conditions, 
of the chemical nature of the ocean waters, of the curraits, etc., was the 
greatest importance for the investigation of the inoblemB connected witii 
Ofe, that on the other hand, the study of the floating organisms had partienlar 
worth for the solution of hydrographic problems, and consequently titat a 
sharp line should never be drawn b^ween these two main divisions. . . . 

The same idea is expressed even more clearly in the prospectus which 
in 1908 accompanied the first number of the IntemaHonaJe Rome ^ 
geaamten Hydrobiologie und Hydrographie: 

Above all, the editors recognise the necessity of a «ynlheti$ of our VMogiai 
and kydrograpkic-gmlogiad knoud^dge of the waters. These two 8|diere8 of 
investigation are inseparable, since the water, whether as river, lal^ or sea, 
is never a factor in the shaping oi the earth without being also a medflum for 
life, and, on the other hand, is never a medium for life without at the same 
time having an important influence in the riiaping of the earth’s sotfaoe. 

As the biology of the waters has now passed front the description td what 
is found therein to inquire into the causes and (rigins of the animal uid {dant 
life and the phenomena accompanying it, the absolute necessity has arisen 
for the biologist to really understand the nature of the separate waters, their 
physics and chemistry as well as 'dnea form and the history of tbclr bed. 

Since 1900, great advances have been made within all of the marine 
sciences, and the contacts betwemi the special fidds hnve become more 
and more intimate. The development is due partly to imperived tedi> 
aique and partly to the application to the phenomena iii nature bf then* 
retical research and reoilte of laboratory studies, 
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At the begiiming of the twentieth century the distribution of land 
and sea was known with the exception of parts of the Arctic and the 
Antarctic, but now most coast lines are charted. The introduction of 
radio time signals has made possible the exact determination of longitudes 
and, thus, the correction of minor errors that previously could not be 
avoided. About twenty-five years ago, knowledge of the submarine 
topography was very scant, except in shallow-water areas of importance 
to navigation, where detailed soundings with lead and line could be made 
rapidly. Since a single sounding in deep water, say 6000 m or more, 
required several hours, however, such soundings were few and far between, 
and it was generally considered that the deep-sea bottom was a flat, monot- 
onous plain devoid of rugged relief. In 1911, Fessenden made the 
first attempts to determine depths by sonic methods, and from about 
1920 sonic depth finders have been in use with which soundings can be 
taken in a few seconds from a vessel running full speed. This new method 
has in a few years eoihpletely altered our concept of the topography of 
the ocean bottom. Basins and ridges, troughs and peaks have been dis- 
covered, and in many areas a bottom topography has been found as 
rugged as the topography of any mountain landscape. 

The increased knowledge of the character of the bottom topography 
has greatly facilitated the understanding of the flow of the bottom water, 
and has helped toward explaining observed differences of hydrographic 
conditions in neighboring areas. Such differences, on the other hand, 
have been used for determining the height of barriers separating different 
basins in areas in which few soundings had been made. 

Knowledge of bottom sediments has been advanced partly by the 
introduction of refined physical and chemical methods for the study of 
the fine-grained inorganic materials and partly by improved methods of 
obtaining long cores of bottom deposits and specimens of solid rock. 
The presence of stratification in core specimens from the open ocean has 
stimulated great interest in the processes controlling the character of 
the sediments and the rate of sedimentation. These advances have led 
to the rapid development of the science of submarine geology, which 
deals with the topographic features of the sea bottom, the agencies that 
have been active in the development of these features, the types and dis- 
tribution of sediments, and the processes of sedimentation. The founda- 
tion for submarine geology was laid by Sir John Murray, who, with 
various co-workers, discussed the bottom samples of the Challenger 
Expedition, 1873-1876, and examined virtually all bottom samples 
collected prior tp his death in 1914. The recent rapid development of 
interest and the application of new techniques is due mainly, to American 
scientists such as ^g^ott, Revelle, Shepard, Stetson, and Vaughan, and 
to the German workers, Correns and Pratje. 
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Numercms problenus within submarine feolqfEy caanpi be studied 
properly without knowledge of nature of ocean currents, the physics 
and diemistry of the sea water, the general character of the organisms 
that contribute to the marine sediments, and the truisformative activi- 
ties of the bacteria in the sediments. Thus, submarine geology is depend- 
ent upon the results of nearly every other marine science. 

Within physical oceanography the study of waves and tides stands 
in a separate class, because theoretical investigations preceded the 
accumulation of information as to the exact character of the phenomena. 
Thus, the theory of surface waves was developed by Gerstner as etuly as 
1802 and was improved by Stokes in 1847. In this early work, however, 
the water was considered to be an ideal fluid, and many results were more 
mathematically beautiful than practically appUcaUe, but during the 
last decades studies, particularly by H. Jeffreys, have partly filled the 
gap between theory and observation. 

Theories of tides were developed by Newton (1642-1727) and 
Laplace (1749-1827). Laplace’s formulation oi the problems is still 
valid, but the mathematical difficulties of the theory have not yet been 
overcome. In recent years notable advances toward the understanding 
of the tides have been made by the staff of the Liverpool Tidal Institute, 
headed by Proudman, which has .solved fundamental problems for ocean 
basins of analytically defined geometrical shape, and by the Austrian 
School, notably Defant and Sterneck, which has used the' principles of 
hydrodynamics in the studies of tides in bays of irregulu* form. Ameri- 
can workers in the U. S. Coast and Geodetic Survey have made notable 
contributions in the analysis of observed tides and the prediction of 
tides in coastal areas. 

A third tj'pe of waves, internal waves or boundary waves, was dis- 
cussed by Stokes in 1847 The theory treated only the case of waves 
at the boundary of two ideal fluids of different density, but in 1904 it was 
successfully applied by Ekman to explmn the phenomenon of “dead 
water.” Subsequent observations indicated that other types of internal 
waves, generally of tidal periods, were present in the open ocean, and the 
study of these was greatly furthered by Fjeldstad’s theory, which was 
advanced in 1933 and which deals with intenuil waves in a liquid whose 
density increases continuously with depth. 

The physical properties of sea water can conveniently be divided into 
two groups: those that are independent of the ocean currents and of such 
impurities as suspended particl^ of inorganic or organic origin — for 
example, density, specific heat, osmotic pressure, and others; and tiiose 
that depend upon currents and suspended particles — for example, eddy 
viscosity, conductivity, diffusion, and transptwency. The properties in 
the first group were accurately determined at the be^pnning of the cen- 
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tttty, dthoo^ 0 ^ more re&ied measuremeatB hsve be«a made in reeei^ 
years. ExamhmtionoftiiepropertieBof tlmBeomidfireupisstiflinrapad 
devdopment. In tim study of the prooesses <rf diffusion, knowledge 
certain results in marine Inology is needed, because distributions of die* 
solved substances that are influmced by tire acti'^ty of organinns are 
often examined. For the explanation of the observed transpurency of 
sea water, biological processes have to be contidwed, because reduction 
of the transparency appears in part to be caused by dissolved substances 
produced by the marine organisms. Knowledge of the phsrsical prop- 
erties of sea water is essential, on the other hand, in many problems in 
the otiier marine sdences. 

The general phyrical theories of o^an currents were developed at the 
beginning of the present century, notably by Scandinavian oceanog- 
raphers. Helland-Hansen applied V. Bjerknes’ theorem of circulation 
in a nonhomogenous fluid to the ocean, and Ekman developed the theory 
of wind-driven currents. The practical application of the Bjerknes 
theorem was made possible largely through the ingenuity of fVidtjof 
Nansen, who, about the year 1900, achieved increased accuracy of tem- 
perature and salinity determinations. Rossby and his collaborators in 
the United States have applied results from fluid mechanics to the 
dynamical problems of the sea. It cannot be foreseen to what extent 
these new ideas will modify the concepts of the djmamics of ocean cur- 
rents, but Bossby’s work has given new impetus to the theoretical and 
practical examination of the phenomena. The application of his and of 
the earlier theories has become increasingly important, owing to the 
raind accumulation o/. temperature and salinity observations and of 
current measurements. * 

In the field of physical oceanography, the greater part of the theoret- 
ical and practical work can be conducted with little or no attention to 
results in other marine sciences. Occasionally, conclusions are tested 
by examining distributions of properties that are influenced by biological 
activity — for instance, the dissolved oxygen content — but often studies 
in physical oceanography can be carried out independently. For this 
reason several oceanographic institutions, such as the Imtilutfilr Meere»- 
kunde of the University of Berlin, and the Divisior for Oceanography 
at the Geophysical Institute, Bergen, Norway, are devoted to research 
within physical oceanography only, and for this same reason the Inter- 
national Association of Physicd Oceanography exists as part of the 
International Union of Geodesy and Geoph 3 r 8 ic 8 , and separate from other 
branches of oceanography. The linking of physical oceanography to the 
geophysical sciences is loipcal. Many problems, particularly those 
related to the dynamics of the atmosphere and the sea, are so similar 
in meteorology and phyncal bceanography that the theoretical approach 
is nearly identical, and the field dealing with the interaction between 
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the ataiOBfibeie end the sea b of equal importance whether cmundwed 
frtHsi ^ meteorolopcal or the oceanographic point of view. 

Although phymeal oceanography is to a great extent independent of 
the other marine sciences, its results are used extensively in marine 
biology and submarine geology. In marine biology it is necesMiy to 
know the ph}rmcal and chemical characteristics of the medium in which 
the organisms live, the types of currents that may regulate the distribu- 
tion of the organisms, the vertical motion that carries subsurface waters 
rich in plant nutrients toward the surface, the depth to which light pene- 
trates, and so on. In submarine geology, knowledge of the largensoale 
ocean currents is needed for the study of dnpersal of fine material brought 
into the sea by rivers; and information as to the currents at the bottom, 
thar velocity, and their state of turbulence is required for an understand- 
ing of the character of sediments found in different localities and of the 
processes of sedimentation. Because of this wide application it is desir- 
able that the physical oceanographer be acquainted with problems in 
other marine sciences in order to make his own conclusions bettor under- 
stood and more available to workers in other fields. 

In the field of chemistry, the major constituents of the salts that are 
dissolved in sea water were accurately determined in the 1880’s by Ditt- 
mar, and around 1900 the empirical relations between chlorinity, salinity, 
and density were established by Knudsen. These relations are of such 
importance to physical oceanography that the chemical methods for 
determining density are considered as necessary tools in that field. 
Later determinations of the major constituents have introduced only 
small changes in the early results, but refined methods of analysis have 
led to the detection of more and more elements in sea water, and in many 
instances have made possible accurate measurements of the amounts of 
these minor constituents. 

In recent years, notable advances have been achieved in the develop- 
ment of rapid methods for determining the biologically important plant 
nutrients, and in this field the contacts between marine biology and the 
chemistry of sea water are so intimate that it is difficult to indicate where 
the biology stops and the chemistry begins. Concepts and results in 
physical chemistry have been especially useful in explaining the biologi- 
cally important carbon dioxide system in the sea water. Important 
contributions have been made by Harvey, Atkins, and Cooper in Great 
Britain; Moberg, Rakestraw, and Thompson in the United States; by 
Wattenberg in Germany, and by Bvibh in Finland. 

Early biolof^al observations were naturally concerned mainly with 
the larger animals and plants obtainable by simple methods of collecting. 
This was true even as late as 1839, when Edward Forbes pioneered in the 
study marine organisms in relation to thdr idi}raeal,aivironment. 
It was then geaerafly thought that life could not most at great depths 
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because of the adverse living conditions believed to prevail in very deep 
water. Later this idea of an “azoic zone” below about 600 m was 
abandoned as a result of positive discoveries of animals inhabiting the 
abyssal depths. 

The realization that life is possible at all depths was of great bio- 
logical interest, but the discovery of a community of floating microscopic 
organisms inhabiting the upper water strata was a vastly more significant 
one, as far as the economy of the sea is concerned. The use of townet 
and microscope in the study of this ubiquitous multitude of tiny drifting 
plants and animals of the sea was begun by Johannes MiUler about 1846. 
In 1887 Victor Hensen applied the name plankton to this community and 
initiated the first quantitative studi^ The discovery of plankton made 
possible an approach to the understanding of the economy of the sea as a 
whole, for it is the prolific production of this community of organisms 
that supports the larger forms of life and that is responsible for variations 
in the distribution of certain chemical elements in the sea. 

Most of the older marine biological studies were of necessity chiefly 
exploratory and descriptive in nature, for only through systematic 
description and cataloguing of the myriads of forms could a foundation 
for future work be laid and tools for analysis provided. The descriptive 
studies must continue, but, as the taxonomic groups become defined and 
their structure becomes known, the need for such work diminishes and, 
especially in the better-knowm areas of the ocean,^the emphasis has 
already shifted to questions of interrelations of the organisms with each 
other and with the inanimate environment. Near the close of the last 
century and at the beginning of the present, this point of view was given 
much impetus by many workers, among whom may be mentioned 
Brandt, Hjort, Gran, Johnstone, Lohmann, .Johannes Schmidt, and 
Steuer in Europe, and Agassiz, Bigelow, Fraser, Kofoid, and Ritter in 
America. It is this view which has been carried forward to the present 
time. 

The pressing need for elucidation of the many biological phenomena 
of the sea has been a motivating force not only in inspiring the applica- 
tion of known aspects of physical and chemical oceanography, but also 
in stimulating studies of such problems as penetration of light, viscosity, 
osmotic pressure, the carbon dioxide system, and especially researches 
on the biologically important elements. Conversely, the distribution and 
fluctuations of these elements are explicable only through the assistance 
of biological observations. 

During the last decades, for which the trend in oceanographic research 
has been briefly reviewed, the knowledge of the oceans has been greatly 
increased. Prior to about 1900, deep-sea observations had been accumu- 
lated mainly on large-scale expeditions, foremost among which stands the 
expedition that represents the banning of oceanography, the British 
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ChaUenger Expeditbn during Uie years 1873-1876. Around 1900 the 
establishm«it of permanent stations for marine studies gained speed, 
partieularly in northwestern Europe, where the oceanographic investiga> 
tions were carried out as an assistance to research dealing with fisheries 
problems of economic importance. Year by year oceanographic institu- 
tions and marine biological stations have been added all over the world 
to the mcisting stations, and well-equipped expeditions have been sent 
out, both prior to and after the World War of 1914-1918. Reference to 
the results from these expeditions will be made repeatedly in the follow- 
ing chapters. 

A comprehensive review of the present status of oceanographic 
exploration and information on the location, history, and facilities of 
every establishment engaged in marine research was compiled by T. W. 
Vaughan and published in 1937 by the National Academy of lienees 
under the title IrUemational Aspects of Oceanography, This book, 
together with H. B. Bigelow’s Oceanography, Its Scope, Problems, and 
Economic Importance, published by the National Academy in 1931, 
summarizes the present facilities for oceanographic research and the 
aims toward which the work is directed. The development of the 
exploration of the sea is described in such books as Sir John Murray’s 
Summary of the Scientific Results of the "Challenger” Expedition of I87S- 
1876, Murray and Hjort’s Depths of the Ocean, and Herdman’s Founders 
of Oceanography. 

Our knowledge of the oceans is still fragmentary and inadequate. 
In the Pacific and Indian Oceans, large regions exist from which abso- 
lutely no information is available, and from most areas only general 
conditions in certain seasons of the year are known. Expeditions are 
needed for filling in gaps and for carrying out systematic ^ploration of 
regions from which only scattered data are available. The need is even 
greater for systematic work at sea by well-equipped oceanographic sta- 
tions that will represent many of the marine sciences, so that findings in 
different fields can be correlated. Only through such correlation can the 
marine sciences become the unified science of Oceanography that waf 
visualized at the time the International Council for the Study of the Sea 
was established. 



CHAPTfit ir 


The Earth and the Ocean Basins 


Rgure and of the Earth 

As a first approximation the earth may be considered as a sphere, but, 
according to accurate observations, its figure is more closely represented 
by an ellipse of rotation — ^that is, an oblate spheroid, the shorter axis being 
the axis of rotation. The figure of the earth has been defined by various 
empirical equations, thie constants of which are based on observations 
and are subject to modification as the number of observations increases 
and their accuracy is improved. The geometrical figures defined by 
these equations cannot exactly represent the shape of the earth because of 
the asymmetrical distribution of the water and land masses. 

To define the pomtion of a point on the earth’s surface, a ssrstem of 
coordinates is needed, and as such the terms latitudef longitude, and eleva- 
tion or depth are used. The first two are expressed by angular coordi- 
nates and the third is expressed by the vertical distance, stated in suitable 
linear units, above ^ below a reference level that is generally closely 
related to mean sea Wei. The latitude of -any point is the angle between 
the local plumb line and the equatorial plane. Because the earth can be 
considered as having the form of a spheroid, and as the plumb line, for all 
practical purposes, is perpendicular to the surface of the spheroid, any 
plane parallel to the Equator cuts the surface of the spheroid in a circle, 
and all points on this circle have the same latitude. These circles are 
called paraUde of latitude. The latitude is measured in degrees, minutes, 
and seconds north and south of the Equator. The linear distance corre- 
sponding to a difference of one degree of latitude would be the same every- 
where upon the surface of a sphere, but on the surface of the earth the 
distance represented by a unit of latitude increases by about 1 per cent 
between the Equator and the Poles. At the Equator, 1 degree of latitude 
is equivalent to 110,667.2 m, and at the Poles it is 111,699.3 m. In 
table 1 are pVen the percentai;es of the earth’s surface betwemi different 
paridlels of latitude. 

The line in which the earth’s surface is intersected by a plane normal 
to the equatonal plane and pasting through tim txa of rotation is known 
as a tnei^ton. The an|^ between two meridian planes tiuroui^ two 

8 
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points A and B on the surface of the earth is the difference in longitude of 
the two points. In practice, the longitvde is the angular distance meas* 
ured in degrees, minutes, and seconds east or west from a standard 


PERCENTAGES OF THE EARTH'S SURFACE BETWEEN FIVE-DEGREE 

PARALLELS 


Latitude 

% 

Cumulative % 

Latitude 

% 

Cumulative % 

0“- 6® 

8.68 

8.68 

45®-50® 

5.92 

76.48 

6 -10 

8.62 

17.30 

50 -55 

5.33 

81.81 

10 -16 

8.48 

25.78 

55 -60 

4 71 

86 52 

15 -20 

8.30 

34.08 

60 -65 

4.05 

90.57 

20 -25 

8.04 

42.12 

65 -70 

3.36 

93.93 

25 -30 

7.72 

49.84 

70 -75 

2.64 

96.57 

30 -35 

7.36 

57.20 

75 -80 

1.90 

98.47 

35 -40 

6.92 

64.12 

80-85 

1.15 

99.62 

40-46 1 

6.44 

1 

70.56 

85 -90 

0.38 

xoo.bo 


meridian plane, generally that of the Royal Observatory at Greenwich. 
England. Thus, the longitude is measured from 0° to 180° east and west 
of Greenwich. On the surface of the earth the linear distance equivalent 
to unit difference in longitude is nearly proportional to the cosine of the 
latitude. 

Tabic 2 

SIZE OF THE EARTH 


(Fowle, 1933) 

Equatorial radius, a 6378.388 km 

Polar radiua, b 6356.912 km 

Difference (a — b) 21.476 km 

Area of surface 510,100,934 km* 

Volume of geoid 1,083,819,780,000 km* 


The distance between points on the earth’s surface and the area repre- 
sented by a given zone cannot be correctly represented unless the size of 
the earth is known. The values for the equatorial and polar radii are 
given in table 2, with other data concerning the size of the earth that can 
be computed from these values. The values for the equatorial and polar 
radii are those for sea level. The land masses are elevations upon the 
geometrical figure of the earth, and the sea bottoms represent depressions. 

Measurements of depressions below sea level, to be strictly compar- 
able, should be referred to the idecd sea level; that is, to a sea surface 
which is everywhere normal to the j^umb line. In the open ocean the 
deviations from the ideal sea level rarely exceed 1 or 2 m. The .errors 
that are introduced by referring soundings to the actual sea surface are 
insignificant in deep water, where the errors of measurement are many 
times greater. In coastal areas where shoal depths represent a hazard to 
navigation and where soundings can be made with great accuracy, the 
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^ect of tides is elimmated by referring all soundings in any locality to a 
single reference plane. Mean aea level is generally uwd as the plane of 
reference for elevations on land, and in the Baltic Sea it is employed as 
the refwence level for depths. More commonly, some other plane of 
reference, indicated on the chart, is used as the reference level for depths; 
for example; 

Mean low water. United States (Atlantic Coast), Argentina, Norway, 
Sweden. 

Mean lower low water. United States (Pacific Coast). 

Mean low wcder springs. Great Britain, Italy, Germany, Denmark, 
Brazil, Chile. 

Mean monthly lowest low water sprtngs. Netherlands. 

Lowest low water springs. Brazil, Portugal. 

Indian spring low water. India, Argentina, Japan. 

Mean semi-annual lowest low water. Netherlands East Indies. 

Lowest low water. France, Spain, Norway, Greece. 

International low water. Argentina. 

The mean of the heights of low-water spring tides is known as the 
low water springs. International low water is 50 per cent lower, reckoned 
from mean sea level, than low water springs. Indian spring low water 
depends upon component tides found by harmonic analysis. Other 
terms are defined elsewhere (p. 562). 

The topographic features of the earth’s surface can be shown in their 
proper relationships only upon globes that closely approximate the actual 
shape of the earth, but for practical purposes projections that can be 
printed on flat sheets must be used. It is possible to project a small por- 
tion of the earth’s surface on a flat plane without appreciable distortion 
of the relative positions. However, for the oceans or for the surface of 
the earth as a whole, most types of map projections give a grossly exag- 
gerated representation of the shape and size of certain portions of the 
earth’s surface. The most familiar type of projection is that developed 
by Mercator, which represents the meridians as straight, parallel lines. 
Although it is sati.sfactory for small areas and for the lower latitudes, 
the size and shajie of featurt*s in high latitudes are greatly distorted 
because the linear .scale is inversely proportional to the cosine of the 
latitude. In the pre-sentation of oceanographic materials, this exag- 
geration i.s most undesirable and, con.seqiiently, projections should be 
used on which the true shape and size of t he earth's features can be more 
closely approximated. 

Numerous types of projections have been developed by cartographers. 
In some instance.s,' these* are geometrical projections of the surface of 
the geoid on a i)lane surface that can be flattened out, while in others the 
essential coortjinates, the parallels of latitude, and the meridians have 
been constructed on certain mathematical principles. Maps and charts 
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are used for a variety of purposes tritich require differmt propose in 
the projections. Such requirements, incompatible in any single injec- 
tion, are that the map shall show the features of the earth’s surface with- 
out distortion of distances, directions, shapes, or areas. The Mercator 
projection is used for navigational charts because it possesses certain 
properties that are desirable in navigation. The technique of map mak- 
ing and the properties of the various projections are discussed by Reiss 
(1938). 

In order to show the oceans with the least posrible distortion of sise 
and shape, the world maps used in this volume are based on an interrupted 
projection developed by J. P. Goode. Comparison with a globe sdll 
show that the major outlines of the oceans are not distorted and that 
the margins of the oceans are cleariy represented. This projection has 
the additional advantage of being “equal-area”; that is, that areas scaled 
from tiie map are proportional to their true areas on the surface of the 
earth. To show the relationships between the various parts of the oceans 
in high latitudes, polar projections are used, and for smaller areas Merca- 
tor and other types of projections have been employed. 

Distribution of Water and Land 

The continental land masses extend in a north-south direction, with 
the greatest percentage of land in the Northern Hemisphere (table 3), 
and there is a more or less antipodal arrangement of land- and water- 
covered areas. The North Polar Sea surrounding the North Pole is 
opposite to the continent of Antarctica, which is centered on the South 
Pole, and the continental land masses represented by Euro^, Asia, and 
part of Africa are antipodal to the great oceanic area of the ^uth Pacific. 
The ocean waters are continuous around Antarctica and extend north- 
ward in three large “gulfs” between the continents, on the basis of which 
three oceans are recognized. The Atlantic Ocean extends from Antarc- 
tica northward and includes the North Polar Sea. It is separated from 
the Pacific Ocean by the line forming the shortest distmice from Cape 
Horn (TO^’W) to the South Shetland Islands, and the boundary between 
the Atlantic and the Indian Oceans is placed at the meridian of the Cape 
of Good Hope (20‘*E). The boundary between the Pacific and the 
Indian Oceans follows the line from the Malay Peninsula through Suma^ 
tra, Java, Timor, Australia (Cape Londonderry), and Tasmania, and 
follows the meridian of 147°E to AMtorctica. In the north the limit 
between the Atlantic and the Pacific Oceans is placed in Bering Strait, 
which is only 58 km wide mid has a maximum depth of 55 m. Unless 
otherwise stated, the oceans as defined above Me considered to indude 
the semi-eQclosed adjacent seas that connect with them. 

Generally speaking, only three oceans are recognised, but it is some- 
times desiraMe to make a furthmr division. The waters surrouncting 
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Antarctica and extending northward about aa far aa the aouthwn tips 
the continente are aometimea deaignated aa the Great Southern Oeeaui 
Auetral Ocean, or Antarctic Ocean. In the diacuancn of the diatribution 
of properties in the sea (chapter XV) it is convenioit to define an ‘ ' Antarc> 
tic Ocean ” that is limited on the north by a purely oceanographic bound- 
ary; namdy, the Subtropical Convergence (p. 606). 

The nomenclature applied to subdivisions of the oceans is very con- 
fused. Generic names designating certain types of features, such as sea, 
gulf, and bay, are used somewhat indiscriminately and hence have little 
physiographic significance. For example, the term aea is used in connec- 
tion with inland salt lakes, such a^ the Caspian Sea, with relatively 
isolated bodies of the ocean, such al the Mediterranean Sea, with less 
isolated areas, such as the Caribbean Sea, and even for some areas with no 
land boundaries, such as the Sargasso Sea in the western North Atlantic. 

Several systems for naming parts of the oceans are employed in 
oceanographic work. In certain instances the boundaries are selected 
arbitrarily by drawing straight or curved lines on the map where there 
are no land features which constitute natural boundaries. Such a sys- 
tem is followed by the International Hydrographic Bureau (1937). 
Wilst (1936) has suggested that the submarine ridges that are present at 
depths of about 4000 m be used to delimit the various parts of the oceans, 
and that the names now applied to the basins with depths greater than 
4000 m be used to designate the areas above them. The general location 
of such boundaries may be seen in chart I. Oceanography is concerned 
not only with the form of the oceans as shown on a surface chart, but 
also with the distribu^on of properties and living organisms and the 
nature of the currents.' « Therefore, a system-of nomenclature which indi- 
cates the relationships that exist in the sea would be very useful. Wust’s 
system, based on the ocean bottom topography, meets this purpose for 
the deep water but not for the upper layers. To formulate “natural 
regions” of the oceans, other workers, notably Schott (1926, 1935), have 
attempted to bring together not only geographic and topographic rela- 
tionships, but also the distribution of properties and organisms, the 
climatic conditions, and currents. In the discussion of the distribution 
of organisms, fig. 220 (p. 804) shows how the oceans are subdivided upon 
the basis of the faunal distribution alone, and in the discussion of the 
water masses of the oceans, fig. 209 (p. 740) shows a subdivision based 
upon the characteristic temperature and salinity relations of the various 
regions. A comparison of such charts shows that, although there are 
certain boundaries which fall in approximately the same localities, there 
are mmiy r^ons in which it is not possible to reconcile limits established 
in different ways. 

In table 3. are given the areas of land and watei' between parallels of 
latitude five degrees apart. For the whole eartii, the ocean watma cover 
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70.8 omt of the eurfaee, but the amooat laud iu the Northern 
Hemisphere is more than twice that in the Southmn Hemisphere, and the 
water eovers only 60.7 per cent <A the former and 80.9 per cent of the lat* 
ter. Between 45°N and 70**N the land exceeds the water surface, whereas 
between 35°$ and 65°S the land forms only a small part of the surface. 


Tabls 3 

DISTRIBUTION OF WATER AND LAND BETWEEN PARALLELS 

(Koannna, 1021) 


Latitude 

Northern Hemisphere 

Southern Hemisphere 









(‘’) 

Water 

Land 


Land 

Water 

Land 

Water 

Land 


(10* km*) 

(10«km») 

(%) 

(%) 

. _ .. 

(10»km») 

(10* km*) 

(%) 

(%) 

90-85 . . 

0.979 


100.0 



0.978 


100.0 

85-80... . 

2.545 

0 384 

85.2 

12.8 


2.929 


100.0 

80-75 

3 742 

1.112 

77.1 

22.9 

0.522 

4.332 


89.3 

75-70 

4.414 

2.326 

65.5 

34.5 

2.604 

4.136 

38.6 

61.4 

70 -65 . .. . 

2.456 

6.116 

28.7 

71.3 

6.816 

1.756 

79.5 

20.5 

65-60. . . . 

3.123 

7 210 

31.2 

69.8 

10.301 

0.032 

99.7 

0.3 

60-55 . . . 

5.399 

6.613 

45.0 

55.0 

12 006 


99.9 

0.1 

55-50 

5.529 

8.066 


59.3 

13.388 


98.5 

1.5 

50-45 

6.612 

8.458 

43.8 

56.2 

14.693 


97.5 

2.5 

45-40 . . . 

8.411 

8.016 

51.2 

48.8 

35.833 

0.594 


3.6 

40-35 . .. 

10.029 

7.627 

56 8 

! 43.2 

16.483 

1.173 

93.4 

6.6 

35-30. ... 

; 10.806 

7.943 

57.7 

42.3 

15.782 

2.967 

84.2 

15.8 

30-25 

! 11.747 

7.952 

59.6 

40 4 

15.438 

4.261 

78.4 

21.6 

25-20 

13.354 

7.145 

65.2 

34.8 


5.049 

75.4 

24.6 

20-15 . .. 

1 14 981 

6 164 

70.8 

29.2 

16 147 

4.998 

76.4 

23 6 

15-10.. . 

i 16.5^53 

5.080 

76 5 

23.5 

17.211 

4.422 

79.6 

20.4 

10-5 .. . . 

16.628 

5.332 

75.7 

24.3 

16.898 


76.9 

23 1 

5-0 

17.387 

4.737 

78 6 

21 4 

16.792 

5.332 

75.9 

24.1 

90- 0^ . . 

154.695 

100.281 

60.7 

39.3 

206.364 

48.611 

80 9 

19.1 


A.11 oceans and seas 


361.059 X 10* km*, 70.8% 

\11 Jand 

- 

148.892 X 10* kin», 29.2% 


In table 4 are given the areas, volumes, and mean depths of the 
oceans and of certain mediterranean and marginal seas that together 
constitute the adjacent seas. The data are from Kossinna (1921), and 
in most instances the designated a^as are readily recognised, but for 
details concerning the boundaries the original reference should be con* 
suited. The Arctic Mediterranean includes the North Polar Sea, the 
waters of the Canadian Archipelago, Baffin Bay, and the Norwegian Sea, 
and is therefore separated from the open Atlantic by the line joining 
Labrador and Greenland in Davis Strait and running tluough Greenland, 
Iceland, Faeroe (dands, Scotland, and Enghmd, and across the English 
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Quanel ta the Continent. The Asiatic Me(titernuMM|b haeludes the 
waters eastward of the boundary between the IncUan atici I^fie Oceans 
(p. 11), and is separated from the open Pacific by the fineiuctending from 
tiie coast of Chins through Formosa, PhilipF»ne Islands, Moluccas, and 
New Guinea to Cape York, Australia. 

Additional data on the areas of the adjacent seas of the Atlantic 
Ocean are given by Stocks (1938). Littlehales (1932) gives slightly 
different values for the areas of the oceans. 

Relief of the Sea Floor 

From the oceanographic point of vie'^ the chief interest in the topog- 
raphy of the sea floor is that it forms the lower and lateral boundaries of 
water. The presence of land barriers or submmine ridges that impede a 
free flow of water introduces special characteristics in the pattern of circu- 
lation and in the distribution of properties and organisms. Furthermore, 
as will be shown in chapter XX, the nature of the sediments in «iy area 
is closely related to the surrounding topography. On the other hand, 
the geomorphologist or physiographer is concerned primarily with the 
distribution and dimensions of certain types of topographic features that 
occur on the submerged portion of the earth’s crust. As 71 per cent of 
the earth’s surface is water-covered, knowledge of the major features of 
the earth's relief will be fragmentar}' if ba.sed only upon tl^se structures 
that can be seen on land. During the geological history of the earth 
which covers a span of some thousands of million years, areas now 
exposed above sea level have at one oi more periods been covered by the 
sea, and parts of the now .submerged surface have been above sea level. 
Many problems in historical geology are therefore dependent upon 
knowledge concerning the configuration of the sea floor surrounding the 
continents and the form of the deep-ocean bottom. 

Although valuable work in the open oitean has been carried on by 
scientific organizations, by far the greater proportion of our knowledge 
of submarine topography is based on soundings taken by or for national 
agencies in the preparation or improvement of navigational charts. In 
the United States the U. S. Coast and Geodetic Survey prepares charts 
for the waters bounding the United States and its possessions, and the 
Hydrographic Office of the U. S. Navy carries out similar work on the high 
seas and in foreign waters. The earlier hydrographic work was limited 
largely to the mapping of coast lines and to sounding in depths less than 
about 100 fathoms, where hazards to the safe operation of vessels might 
occur, but deep-sea soimdings received a great impetus when surveys 
were made prior to the laying of the transoceanic cables in the latter 
part of the nineteenth century. Up to and including the time of the 
voyage of the ChalUngtr, 1873-1876. all soundinip were made with 
hemp ropes, which made the process a long and tedious undertsldtqs, 
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einee in of aevnral thouaand metm H required sevwrml Uodre to 

make a d^>th meeeareoMnt. A great improvemNrt in eouiMfing 
equipment wae made when wire ropes and, for sounding at great depths, 
single-strand wire were introdueed, thereby reducing the nse <oS the gear 


Tasui 4 

AREA, VOLUME, AND MEAN DEPTH OF OCEANS AND SEAS 

(Koarinna, 1921) 



Area 

Volume 

Mean depth 

uody 

(lO* km*) 

(10* km*) 

(m) 

Atlantic Ocean \ 

82.441 

323.613 

8926 

Pacific Ocean ^excluding adjacent seas 

166.246 

707. A55 

4282 

Indian Ocean ; 

78.443 

291. (m 

3963 

All oceans (excluding adjacent seas) 

321.130 

1322. 19S 


Arctic Mediterranean 


16.980 


American Mediterranean 

4.319 

9.573 


Mediterranean 8ea and Black Sea 

2 966 

4.238 

1429 

Asiatic Mediterranean 

8.148 

9.873 

1212 

I^ge mediterranean seas 

29.518 

40.664 

1378 

Baltic Sea 

0.422 

0.023 

55 

Hudson Bav 

1.232 

0.158 

128 

Red Sea 

0.438 

0.215 

491 

Persian Gulf 

0.2^ 

0 006 

25 

Small mediterranean seas 

2 331 

0.402 

172 

All mediterranean seas 

31.849 


1289 

North Sea 

0.575 

0.054 

94 

English Channel 

0.075 

0.004 

54 

Irish Sea 

0.103 

0.006 

60 

Gulf of St. Lawrence 

0.238 

0.030 

127 

Andaman Sea 

0.798 

0.694 

870 

Bering Sea ... 

2.268 

3 259 

1437 

Okhotsk Sea 

1.528 

1 279' 

838 

Japan Sea 

1.008 

1 361 


East China Sea 

1.249 

1 0.235 

I 188 

Gulf of California 

0.162 

0. 132 

813 

Bass Strait . . . 

] 0.075 

0 005 


Marginal seas 

1 8 079 

7 059 

$74 

All adjacent seas 

r"'“39."928“ 

48.125 


Atlantic Ocean 

' 106 463 

354.679 

3332 

Pacific Ocean lincludiiig adjacent seas 

i 179 679 

723.699 

4028 

Indian Ocd^an ; 

; 74.917 

291.945 

3897 

All oceans (including adjacent seas) 

1 361059 

1870.323 

1 3795 


necessary for deep-sea sounding and the time for lowering and reeling 
in. An earlier improvement was arhieved by the introduction of methods 
of dropping the sounding weight aftm* it h^ reached the bottom, thus 
reducing the load^ to be reeled in. The first such devka was devdeped 
in the middle of the last century by J- M. Brooke of the U. S. Navy. 
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Equipments now used foir wire sounding is deseribedin 4s|fi|>ter X, udiieh 
deals with oceanographic apparatus and me^ods. | 

Because of their practical importance and the esM witb wbidh they 
could be obtained, the number of soundings in depths less than a few 
hundred meters accumulated rapidly during the nineteenth century, but 
in 1895 there existed only 7000 soundings from depths greater than 
about 2000 m, and of these only about 550 were from depths greater 
than 6500 m (Bencker, 1930). These data were used by Murray in 
preparing the bathymetric charts accompanying the reports of the 
Challenger Expedition. 

During the next twenty-five years tibe number of deep-sea soundings 
increased slowly, but the introduction of sonic-eounding equipment 
after 1920 has completely changed the picture. Devices for measuring 
the depth by timing the interval for a sound impulse to travel to the sea 
bottom and back again (only a few seconds even in deep water) are used 
in surveying work and are now standard equipment on many coastwise 
and oceanic vessels. The development of automatic echo-sounding 
devices (chapter X) not only made depth measurements simple but, by 
making accurate bathymetric charts available, introduced another aid 
in navigation, since passage over irregularities of the sea floor may be 
used to check positions. This development has necessitated extending 
accurate surveys into deeper water and, hence, farther from shore. 
Along the coasts of the United States the bottom is no^ being charted 
in detail to depths of about 4000 m. With sonic methods, if the appropri- 
ate apparatus is available, it is no more trouble to sound in great deptlis 
than it is in shoal waters^ and, since many naval vessels and transoceanic 
commercial vessels make systematic records of their oba^ations, the 
soundings in the deep sea are now accumulating more rapidly than they 
can be plotted. 

The most common method of representing submarine top<^apby is 
to enter upon a chart showing the coast lines the numerical values of the 
soundings at the localities in which they were obtained. Charts issued 
by the national hydrographic services of the English-speaking countries 
give depths in fathoms or, if harbor charts, in feet (1 fathom ■» 6 ft 
= 1.8288 m). Those issued by other countries generally use meters, 
although still other umts are employed by certain European countries. 

Because it is generally impossible to enter all soundings, and ns 
numerical values alone do not give any graphic representation of the 
topography, contours of equal depths (isobaths) are drawn in those 
regions in which the number of soundings or the purpose of the chart 
makM it desirable. On navigational charts, contours are genendly 
resected to shalipw areas where soundings are Also shown, but, for certiun 
regions that have been carefully examined, charts are now keued with 
oontouiB entered to depths as great as 2000 fathoms (for example, TJ. S. 
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Coa«t pod G«od«tie Sarfrejr CSuurt no. 6101A for the eouthem Caihf<mile 
cowt,iflsuediiil989). InhethyiiMtriech«rteprepaiodforoc«MiK>g)rft^ 
work, oontottis alo&e oiay be dunm, but only in exceptional eases, such 
ss in pbynogrpftiiie studies, are the isobaths tiiown for equal intervals of 
depth. 

The acouraoy witii which submarine topography can be portrayed 
depends upon tiie number of soundings available and upon tiie accuracy 
with winch the petitions of the soundings were determined. Topographic 
maps of land surfaces are based on essentially similar data,* namtiy, 
elevations of accurately located points, but the surveyor has one great 
advantage over the hydrographor. The surveyor is able to see the area 
under examination and thereby disUibute his observation points in such 
a manner that the more essential features of the top(^raphy are accurately 
portrayed. The hydrographer, on the other hand, must construct the 
topo^^raphy of the sea floor from a number of more or teas random 
soundings. Sonic sounding methods and the introduction of more 
accurate means of locating potitions at sea (see Veatch and Smith, 
1939) have made it feasible to obtain adequate data for constiructing 
moderately accurate charts or models of parts (d the sea floor. This is 
particularly true of the coastal waters of the United States. Veatch and 
Smith have prepared contour maps of the eastern 8eti}oard based on the 
investigations of the U. S. Coast and Geodetic Survey, and Shepard and 
Emery (1941) have made use of similar data from the Patific Coast, 
where over 1,300,000 soundinp were available. 

In some mstances it is preferable to represent the bottom configuration 
by vertical profiles or by relief models, but, because of the difference in 
magnitude of the vertical and horiaontal dimentions of the oceans, it is 
generally necessary to exagaerate tixe vertical scale. The average depth 
of the ocean is about 3800 m, and the vertical relief of the ocean floor is 
therefore of the order of a few Idlometem, whereas the horiaontal (^stances 
may be of the order of thousands of kilometers. Hence such distorted 
representations give a false impression of the steepness of submarine 
slopes. If profiles are drawn to natural scale, the ocean waters form a 
shallow band with barely porceptible undulations of the bottom. Eram- 
ples of undbtorted i»ofilss are pven by Johnstone (1928). 

In fig. 1 are shown two represoitatioas of a profile of the sea bottom 
in the South Atlantic based on the observations of the Mtteor (Stocks 
and Wtlst, 1935). The upper section (A) is constructed from thirteen 
wire soundings, and is comparable in detail to most cS the profiles that 
could be prepared before tim introduction of sonic methods. The lower 
leetion (B) is based upmt over 1300 sonic soundings that were taken by 
the Mdew along the same route, diown in the map at the bottom part 
the figure (C), where the d^dhormtouis are from tiuttt I. Thhincmaa* 
flag (xnnplexity the known ttqwfnqhy (d the sea bottom tesulting 
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fratm the greats number of observstione is readily seen fr^tn a oomparisoo 
of A and B. 

The water surface coincides, for all i»actical purposNt, with the sui^ 
face of Uie geoid, and the sea bottom, if "flat,” would be parallel to the 
sea surface. Irregularities of the sea floor therefore represent departures 


Kg. 1. Bottom topography in the Booth Atlantic Ocean. (A) Profile of the 
bottom between the South Shetland Islands and Bouvet Island based on 13 wire 
soundings. (B) Profile over the same course constructed from over 1300 sonic 
soundings {Meteor), (C) Bottom configuration as shown in Chart I and the track 
of tte Meteor. Vertical exaggeration in (A) and (B) about 300:1. (In part, after 
Stocks and WOst, 1935.) 

from this surface, which is convex outward. Only in small features with 
steep slopes are deprefisions actually concave outward. 

The greatest depths so far discovered are in the Pacific Ocean, where, 
in the Philippines Trench and the Japan Trench, soundings greater than 
10,000 m have been obtained. In the Philipn^nes Tr^ch the Owmao 
vesed Etnden <)htained a sonic sounding of 10,040 m, which, however, is 
considered to be a^ut 200 m too ipeat. The Dutch yoiidcI IPifWwrd 
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SmUKub, working in the same area and using wire sounding eqoi|toient, 
founddepthsgreater than 10,000m. Asoundingof 10,560 mitt the Jsimus 
T nmch was made hy the U.S.8. Ramapo, using sonic equipment. The 
deepest scmuo sounding in the Atlantiic Ocean, 8750 m, was obtained in Uie 
Puerto Bieo Trough by the U.8.S. Milwaukee. Bencker (1930) has 
listed the numerous deeps as well as the shoals found in oceanic areas. 

Representations of submarine topography are usually referred to sea 
level, and particular interest has always been attached to titose regkms 
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ocueenung bottom configontion may aligbily modify 'tiiia ourtra, the 
fttieral featums will not be changed. The hi^ mouateltte foim a rela^ 
tiv^ email part of the land surfaee, and hence the mean elevation of the 
eabaotial cruet is only 840 m. The lange areas of low-lying land have th^ 
oounterpart in the relatively large areas in shallow water between the 
surface and approximately 200 m (table 6). These coastal areas of shallow 
depth correspond to the continental shelves. Below the continental 
shelf there is a relatively small area of depths between 200 m and 3000 m, 
corresponding to the continental slope, and then follows the extensive 
abyss, with depths between about 3500 and 6000 m. The deepa, 
which by definition exceed 6000 m, forma very small part of the sea floor. 
Shown in the figure is the mean ephere depth, which is the uniform depth to 
which the water would cover the earth if the solid surface were smoothed 
off and were parallel to the surface of the geoid. The mean depih of the 
sea, which is 3800 m, is also shown 

The hypsographic curve of the earth’s crust should not be interpreted 
as an average profile of the land surface and sea bottom, because it 
represents merely the summation of areas between certiun levels without 
respect to their location or to the relation of elevations and depressions. 
Actually, the highest mountains are commonly near the continental 
u)a8ts, large areas of low-lying hmd are located in the central parts of 
lh« continents, and the greatest depths are found near the continental 
masses and not in the middle of the oceanic depressions Entered in fig 
2 are th« ^percentages of elevations and depressions for lOOO-m intervals 
These shoa vvo maxima, one just above sea level and a second between 
depths of 4000 iis4 5000 m The significance of these maxima is discussed 
later (p. 23). 

In table 5 are gi\vj the percentage areas of the depth aones in the 
tiiree oceans, and for ah ->cean 8 with and without adjacent seas. It will 
be not^ that the ^elf (O-IOO m) represents a prominent feature in the 
Atlantic Ocean, which is also the itiiallowest of the oceans By com- 
bining data in tables 4 and 5 the ax^^iute areas of the depth aones may be 
computed. The hypsographic curv «{0 fig, 2 is baaed on the values for 
all oceans, including adjacent seas. 


Durii^ the geok^cai history of the eartVt, great changes have occurred 
in the rdief of the land and sea bottom. T*« exact nature and extent 
of tiiese vertical movements is beyond the scope «»f the present discussion, 
but it should be noted that changes in relative sea level of the order of 
100 m, which are readily accounted for by the withdrawal and addition of 
wat« during ^adal and intmglactal periods, would expose and inundate 
relatively large areas. 

•^ continental shelf to extend to depths of 

100 fattom^ or 200 m, 

sosaewhat less than thisfsuq^. betwah^fl&»d an 
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146 m). Profiles of the abelf show the i»«senoe of ueay efiaer tenneee 
that may teptesoai the ^ects of waves and eoneate when the aea tevd 
stood at a lower levd, probably durii^i ihe g^Aoal petiods. Veateh aad 
ftgoith (1239), from tfamr detailed study of the eontlaentai lAdf o€ the 
Atlaotic coast of the United States, found many small ridges approxi- 
mately parallel to the coast line. The conrinmital shcdf imries greatly 
in width and slope. In some eases, as off mountainous coasts, the shelf 
may be virtually absent, whereas, off glaciated coasts and off the mouths 
of lai^ rivers and areas with broad lowlands, the shelf may be very wide. 


Tablk S 

PERCENTAGE AREA OF DEPTH ZONES IN THE OCEANS 
(Kossiims, 1921) 


Depth 

Including adjacent seas 

Excluding adjacent aeas 

interval 

(m) 

Atlantic 

Pacific 

Indian 

All 

oceana 

Atlantic 

Pacific 

Indian 

AH 

ooeaxu 

200... 

13.3 

5.7 

4.2 

7.6 

5.6 

1.7 

3.2 

3.1; 

200>1000. . , . 

7.1 

3.1 

3 1 

4.3 

4.0 

2.2 

2.7 

a.4b 

1000-2000... 

6.3 

3.9 

3.4 

4.2 

3.6 

3.4 

3.1 


2000-3000. ... 

8.8 

5,2 

7.4 

6.8 

7.6 

5.0 

7.4 

EM 

3000-4000... 

18.5 

18.5 

24.0 

19.6 

19.4 

19.1 


'Ta 

4000-5000. , . . 

25.8 

35.2 

38.1 

33.0 

32.4 

37.7 

.2 

5000-6000 . . . . 

20.6 

26.6 

10 4 

23.3 

26.6 

28.S 


LI 

6000-7000. . , 
>7000... 

0.6 

1.6 

0.2 

0.4 

1.1 

0,1 

0.8 

1 

lX. , 
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From the above values it may be.4il^' or 0.2 per cent. Th» 
shelf is of the order of 2 fathoms pfitfthou^ there is a general 
spends to a slope angle of abotifc jK even-graded profile. As mro on 
slope of the shdf, it is by no hills, and depresaons, »d m n^y 

above, there may be tcrr^ ^yona cutting across it. Sh« 
amas there am •teep^.ff'Xiated coasts, afid were 
larities are most when^^ K>n® ^ exposed to ^amal wwion 

ice during a i^acijl^"^ . 

(Shepard, 198iy^ . more rignificant than tlm abeolate 

d^tfon. ««I* for «• 
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Frou All exAZDHJation of 500 profiles, Shepard (1941^' found that the 
incUnation of the continental dope varied with the chwaoter of the coaet. 
Continental slopes off mountainous coasts have, on Ihe average, a dope 
of about 6 per cent (3'’30'), whereas off coasts wiUi wide, well-drdned 
coastal plains the slopes are about 3.5 per cent (2®0')* 

The submerged slopes of volcanic islands are similar to the exposed 
slopes of volcanic mountains, and may be as great as 50* (Kuenen, 
1935). In large submarine canyons the walls are as rugged and pre- 
cipitous as those of the Grand Canyon of Ariaona (fig. 8, p. 40). Fault 
scarps above and below sea level show comparable slopes. 

The a^•eragc slopes of the deep-sea flhor are small. KrUmmel (Little- 
hales, 1932) ftmnd that in the North Atlantic the mean slopes vailed 
between about 20' and 40', but these are averages, or were obtained by 
dividing the difference in elevation by the distance between two points. 
Where the distances are great or when the number of soundings is small, 
the slopes obtained in this way do not give a true representation of the 
relief. The increa.sed data now available have revealed irregularities 
comparable in ruggedness to the larger topographic features on land. 


Major Features of Topography 

The discu-ssion of the bottom topography of the oceans w'ili be re- 
stricteil to a brief con.sideration of the large-scale topographic features 
’t are represented on small charb* with large cuntom*intervals. In 
rci,,, where many .^soundings have been obtained, it has been found 
sea bottom may be virtually as irregular as the land surface, but 
sut eu shown only on large-scale charts with small contour 

included in this volume. 

fl * “ ' 'ilogy Ls concerned with the topography of the sea 

oor, e cornpuhx physical character of the sedimentary and 

Igneous materia s ( found on the ocean bottom, and the -processes 
involved m Ihe de.-e The deld » » rela- 

ive > new one w le tm, great impetus from the development of 


sonic sounding method.s that mu 


*. a , . , . “It possible to obtain accurate maps of 

the sea no<jr, and from the develoon a. e i • , j / 

-Is s s- , of geophysical methods (mea.sure- 

ment and interpretation of gravity a. i- » xu xl.» 

RaaU n„A eet *k ni . * . 'malics, of the earth’s magnetic 

held, and of the path and vo bcity of eaxi . *i. i x c • i • • 

x.„x • I, j / . hquake and artificial seismic 

waves) that yielded estimates of the cbailutr and thickness of the 
materials forming the crust of the earth. How^ Til ^ 
omn. eoae^ .he preeemm involved oTS: 

ocean basins, and the various hypotheses will not*^ Ti- I. 

™vie», ef .he prehlmn,’ UfT 
Bucher (1933), Kuenen (1935), and Gutenberg (1939) 
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The distributhm of ^vatums and depresirfone on the earth's crust (fig. 
2) shoivs that there are large portions with elevations between sea levei 
and 1000 m, and with depths between 4000 m and 5000 m. Aecording 
to Bucher (1033) the lai^r, lower ones are related to the character of 
the earth's crust, while the upper ones are the result of subaerial erosion 
and sedimentation. The question then arises as to the extent to which 
the topography of the ocean bottom with reference to a depth of about 
4500 m corresponds to that of the land with reference to sea level or a 
slightly higher level. According to Bucher, the large-scale features are 
essentially similar, and elevations and depr^ions of comparable dimen- 
sions are found both on land and on the ocean bottom. Although the 
major features are comparable, the details are quite different, because ero- 
sion, which plays such an all-important role in the creation of .sharp relief 
and in the ultimate destruction of elevations on land, is virtually absent 
in the .sea. In the sea tl»e mo.st effective agents of erosion are the surface 
w'aves, and these tend tfi produce flat-topped features that are restricted 
to shallow depth.s, .since the velocity of the water particles in such waves 
J decreases rapidly with inorensing depth (p. 528). Other processes which 
may contribute to erosion of the sea floor are discussed in chapter XX 


«nd in tlie section dealing with the origin of submarine canyons (p. 41)j:‘: 
Deposition U the characteristic process that modifies the topography V 
the .sea bottom. Sedimentary debris accumulates in depressions,. 
there is little or no accumulation on topographic highs, which ftTgir 
fine-grained sediment and are subject to erosion if near theMj^ of 
pocalities of exceptionally strong currents. .^j/^ttom' 

I Bucher (1933) has stated that there are e88eni.ialSj^.^^ch be 
|large-.scale topographic features on the land and oa^^^gaie form, 

|(1) those of approximately equidimen-sinnal 

^pplies the names melh and oasins, and appear to 

Igenerally with steeper side.s, to which he gjje of such 

purroies. On the ocean bottom the elonga#^ ^®® ^ bottom to 

P>e the more common, and there is a cov^'^ welts on divided into 
Structures. There is a tendency for,.#'^‘»^ these major 

[|e parallel to the continental cu^ in turn su m to 

Kngate troughs. are separa^ . 

■epressions into a .series of ridge and b^n to^ (Vean and in 
tgreater or lesser degjf Xtlantic Ocean and the to be so 

fcown by the botton^acific Ocean, btit does not appear w 

Ke western part^ the main part "^‘alopeB, the highest 
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aide of Uie «ro-like welts, but in some inatuioea great depths are found 
on the concave side of the ridges (chart I). Parts c! the welts may 
extend above sea level, forming an island or chiun of islands, Such 
features are found in the northern and western parts of the Pacific 
Ocean, in the East Indian Archipelago, in the West Indies, and in the 
region between South America and Antarctica. Along the west coast of 
South America the welt corresponds to the mountain chain of the Andes, 
and is therefore part of the continent. That these structures are of 
relatively recent origin and are in regions of crustal instability is shown 
by the presence of extinct or active sui^aerial or submarine volcanoes on 
the welts and by the fact that they are ifh regions of the most pronounced 
gravity anomalies and are the sites of great seismic activity (Field 
et al, 1938). 

Terminology of Submarine Topography 


The terms applied to features of submarine topography will be 
classified according to the origin of the features rather than according to 
their sise, although the latter procedure is the common one (for example, 
Niblack, 1928, Littlehales, 1932). The features of submarine relief may 
be grouped in two main categoric, depending ufwn whether they have 
gained their characteristic form through diastrophic at*tivity (.crustal 
movements) or through erosion or deposition The primary large-scale 
process involveri in the development of relief must be ^liastrophic, but 
' many cases the characteristic feature is produced by erosion or depo- 
No distinction will be made here between features that have been 
the sea surface and those that may possibly owe then 
sition in eroaioB or deposition As pointed out before, depo- 

minor irregm^ tends to fill in the depresaons and thus to level out the 
in which orga^* bottom, and, with the exception of those case'- 
of coral reefs) little*^ important role (for example, in the formation 
There has’been^mu® topographic highs, 

the formation of the eJn ^ processes that have led to 

maintain that they are wave*®^ authors 

they are wave-cut (erosional) ;J‘ 
processes (Johnson, 1919. Sheparti;®?,!;!!®^’ JT ® 
two sides of the North Atlantic (Buche^.a..^'^^***: u L"" ? / 
are composed of great pnsm-sUaped accu3«*l*"**'T T 

that at the outer edge of the shelf bordering 

4000 m thick. To what extent these feJturw’l^®? United States arc 

accumulation and sinking of the .rust Ld to wlS’t^ 

e^pbic movements have been involved has not m rT 
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in thdr dei^oproent. Pnrticnlar importanc« is attached to the relative 
lowering and rise of sea levti tiiat took place through the aceunuiietion 
of continentiti ice during each glacial period and the subsequent mtitmg. 
According to Daly (1934) the maximum lowering of sea levd was of the 
order of 100 m, but recently Shepard (Shepard and Emery, 1941), in 
order to account for the origin of the submarine canyons, has advanced 
arguments in favor of a lowering of the order of 1000 m. Even a lowering 
of 100 m would expose large areas of the shelf and would explaha the 
presence of the submerged terraces and other irregularities which could 
have been produced by wave action when the water stood at a lower level. 
The terms used to designate certiun types of topographic features, 
their French and German equivalents, and their definitions, which are 
given below, correspond to those suggested by the International Hydro* 
graphic Bureau (Niblack, 1928). Unfortunately, there is still con- 
siderable confusion in the use of certain terms, particularly those which 
apply to the larger features of the topography. Sometimes several 
different descriptive terms have been applied to the same structure, and 
in other instances the same term is applied to features of vastly different 
size and probably of different origin. A committee of the International 
Association of Physical Oceanography (Vaughan et al, 1940) attempted 
to clarify many of the problems relating to the terminology, but much 
confusion still prevails. In order to designate any individual feature, 
the descriptive term is prefixed by a specific name. The specific names 
attached to large-scale features are generally geographical, but those 
assigned to such features as banks, shoals, seamounts, canyons, and 
sometimes deeps are often those of vessels or individuals associated wiUi 
their discovery or mapping. 

Fbaturiss Resulting from Crustal Deformatipn 

1. Elevations. The large-scale elevations of the ocean bottom art 
termed ridges, rises, or sweUs. 

Ridge (F, Dorsale; G, Riicken). A long and nsurrow elevation 
with sides steeper than those of a rise. 

Rise (F, Setdl; G, SchweUe). A long and broad elevation which 
rises gently from the ocean bottom. 

Isolated mountain-like structures rising from the oeewl 
bottom are known as seamounti' Where the ridges are 
and particularly if parts of them rise above sea levd, they are 
sometimes termed arcs. The broad top of a rise kl tanned k 
plgteau. The expression sUl is a^pUed to a StthiBMage^ 
elevation sepmating two barins. The siU it ttieij^reatsei;' 
depth at which there is free, horiaontel eeinitrtntioatfai^ 
between the banns. j ; 
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2. Deprsssions. The terms trough, trench, and hosm are those most 
commonly applied to the Urge^cale depnesioi^ on the ocean 
bottom. 

Trough (F, Dtpreasion; G, Muide). A long, broad depression 
with gently sloping sides. 

Trench (F, Foaei; G, Oraben). A long and narrow depression 
with relatively steep sides. 

Basin (F, Baasin; G, Becken). A large depression of more or 
less circular or oval form. 

The terms defined abovh, are used rather loosely and are 
applied to features of a widd range in size. 

For those parts of a depression which exceed 6000 ra in 
depth, the term deep (F, Foaae; G, Tief) is used. As originally 
suggested by Murray, the term designated areas where the 
depths exceeded 3000 faUioms (5486 m), hut it is now generally 
restricted to those depressions of greater depth (Vaughan et al, 
1940). The term depth (F, Profondeur; G, Ticfe), prefixed 
by the name of the vessel concerned, may be used to designate; 
the greatest sounding obtained in any given deep. 

Fe.^tckes Resultino from Erosion, Deposition, .vnd Biolooical 

Activity 

As pointed out above, the features in this category have been produced 
by erosion of, or deposition upon, structures which may be primarily of 
diastrophic origin. The mast prominent types of features in this group 
arc the shelf and the slope. 

Shdf. The zdne extending from the line of permanent immersion to 
the depth, usually about 120 m, where there is a marked or rather 
steep descent toward the great depths. Continental She^ (F, 
Plateau continenUd; G, KoniinentalSehdff) is applied to the feature 
bordering the continents, while Ineular Shelf (F, Sode; G, InaeU 
achdff) is used for the feature surrounding islands. 

Slope. The declivity from tiie outer edge of the shelf into deeper 
water. Continental Slope (F, Talue continental; G, Kontinental- 
Abfall) and Ineular Slope (F, Tedue ineutaire; G, Ineelabfall) are 
applied to the slopes boi^ering continmits or islands. 

The following terms are applied to the uppenr parts of elevations which 
show the effects of erosion or depoation. 

jBani (F, Banc; 0, Bani). A more or less fiat-topped elevation over 
which tl^e depth of water is relativ^dy nnail, but which is TOffichmt 
for surface navigation. 
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Shoal (F, Haiut’fond; Q, UnU^e or Sandgrund). A detailed otevstioii 
'with ittch d^ths that it is a danger to surface oa'^dgatifui uid which 
is not composed of rock or coral. 

Re^ (F, Bidf; G, Riff). A rocky or coral elevation generally 
dongate) which is dangerous to surface na'sdgation. It may extend 
above the surface. 

A variety of names has been applied to the 8teep>walled fissures 
that penetrate the slope and cut across the shelf. The most 
commonly used terms are canyon and valley, but gvJly, QOfge, and 
mock-valley are also applied to these features. 

In addition to the terms given above, many expressions are employed 
in descriptions of submarine topography with the same meanings that 
they have when used for land topography, 

Bottom Configuration of the Oceans 

The major features of the topography of the ocean bottom are of such 
large dimensions that they are readily shown on a chart with contour 
intervals 1000 m apart. Such a representation is given in chart I, where 
the contours are entered for 1000-m intervals between 3000 m and 7000 m. 
The areas with depths leas than 3000 m represent a rather small part 
of the sea floor, and the complex nature of the contours for depths less 
than this would confuse rather than add to the value of a chart of this 
kind. The topography i.s based upon the most recent charts available, 
and primarily upon the bathymetric chart prepared by the International 
Hydrographic Bureau in 1939 (Vaughan et al. 1940). Other.sources tiiat 
may be consulted for details concerning the configuration of the ocean 
floor are listed on page 29. ’ will be noted that the comidexity of the 

topography varies in different regions. This difference mmst be attrib- 
uted, in part, at least, to the variable amount of data available, becn.uae 
in those regions where the soundings ar>. widely spaced the contours will 
be smooth and rounded, whereas in those areas where there are numfn*ous 
soundings the contours are more complex and irregular. The Atlantk; 
pcean, the central part of the North Pacific Ocean, the Northern Indian 
!0cean, and the area surrounding Antarctica are fairly well sounded, but 
n many other regions, such as the North Polar Sea and the Sou^em 
[ndian and South Pacific Oceans, the observations are very sparse. The 
perease in the complexity of the known topographic features that 
oUows the accumulation of more depth measurements can be seen bji’ 
bmparing recent bathymetric charts with those publbhed in Ujke early 
Ipafti of the 4 >re 8 ent century. The status of bathymetric knowledge ifi 
1137 is shown by a series of charts in Vaughan et al (19|7}. '.i 

I; As stated abovcf the topogra^diy the ocew bottom il chimetieahiiMjl 
ir depressions and elimgat^ ridges. Some of these features siio Of 
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ffSBA dimensions, as may readily be seen frmn oba4 I- tongitudinal 
ridges divide the three oceans into elongated trooi^ This feature is 
most conspicuous in the Atlantic Ocean, where the Atlantic iUdge, 
extending from Iceland to Bouvet Island in abmit 0S“8, separates the 
western and the eastern troughs. Depths exceeding 5000 m exist tm both 
sides of the ridge, which is continuous at depths less than 3000 m over the 
greater part of its length and in several places extends above sea level. 
There is one small but significant break in the ridge, in the Romanche 
Furrow just north of the Equator, where the saddle depth is located 
between 4500 and 4800 m. The Ridge, which extends north- 

east from the Atlantic IUdge in the vicinity of Tristan da Cunha (37*8) 
to the coast of Africa in latitude 20*8, is continuous at 3500 m and almost 
so at 3000 m. The Rio Grande Ridge extends westward from the Atlantic 
Ridge (30*-35*S) and is almost continuous at 4000 m. The presence of 
these two transverse ridges has a pronounced effect on the deep-water 
circulation in the Western and Eastern Atlantic and, hence, on the dis- 
tribution of properties (chap. XV). 

A longitudinal ridge, the Indian Ridge, is present in tiie Indian Ocean 
and extends from India to Antarctica, but ^ers from the one in the 
Atlantic Ocean in that it is wider and does not extend so near the surface. 
In the Pacific Ocean the longitudinal elevations are not so conspicuous; 
however, the West Pacific Ridge, which is actually cotnposed of several 
shorter ridges, can be traced from Japan to Antarctica, and is continuous 
at depths less than 4000 m except for breaks at 11*N, 10*8, and 53*8. 
A second elevation extends from Central America to the south and west, 
reaching Antarctica in the longitude of New Zealand. This East Pacific 
Ridge is continuous at depths less than 4000 m and separates the central 
depression from the deep basins bordering Central and South America 
and the Pacific Antarctic Basin. The effect of these major elevations 
on the distribution of bottom-water temperatures is shown in fig. 211, 
p. 749. 

Within the major depressions or troughs which are bordered by the 
continents and the lon^tudinal ridges are transverse ridges that separate 
to a greater or lesser degree a number of basins. Wiist (Vaughan ct ol, 
1940) has suggested that the 4000-m contour be used as the boimdary in 
designating basins, but this is a purely arbitrary delimitation that places 
undue emphasis upon the absolute depth rather than upon tiie relative 
relief, which in many instances is of greater significance. For example, 
the Mediterranean Sea Basin Ui virtually excluded from such a classifies* 
tipn, although it is a deep, isolated basin, much of it extending more than 
3000 mbdbw tile sifi in the Strait of Qtbraltiur.. InthetatNilatioiiaecoin'’ 
panytng diart 1 are listed the names for the nuid^ parts ot the ocesnii' 
depresskms w^h Wfist hss termed banns; namely, tlKwe parts which 
have depths exeeetfing 4000 m. Certain individual at« elearly 



TMf CAKTH AND THE OCEAN AASINS 




defined by the preiaice of ridges tiiet sre ooatiouoos et iOOO m, tmt 
names have also been applied to various parts ci troughs, in wUdi base 
ti^ie boundaries are h>ca^ at the shrifovrest or narrowest jHirt of the 
depression. In some areas the nomenclature is incomplete, and a ring^ 
name is applied to a number of more or less isolated depresrions, such as 
the Madagt^ar Banns. In the Central Pacific, where the knowledge of 
the topography has increased rapidly in recent years and where the basin 
and ridge tyj^ of topography does not appear to be present, no names have 
been applied. The names used to designate the major features of the 
topography are discussed at length by Vaughan et al (1940), and the 
names indicated on chart I generally conform to the recommendations 
made in their report. 

In the tabulation of the basins given on chart 1 are listed some of bhe 
more prominent deeps; namely, those features where the depths exceed 
6000 m. Some deeps are located more or less centrally in the large basins; 
for example, Wharton Beep, Byrd Deep, and the numerous deeps in Ute 
central part of the North Pacific, but these rarely exceed 7000 m in depUi. 
|Qn the other hand, numerous deeps of elongate character are located 
near and parallel to continental coasts, island arcs, or submarine ridges 
which correspond to the furrows discussed on p. 23. These marginal 
^eeps, to which the term trench or sometimes trough is applied, are the 


features within which the greatest depths are found, in nearly s)! cases 
exceeding 8000 m. Only one such trench is found in the Indian Ocean; 
bamely, the Sunda Trench. In the Atlantic are to be found tlve Bom* 
imehe Trench, the South Sandwich Trench, and the Puerto Rico and 
^Dayman Troughs. The greatest number are in the western part of the 
l^acific Ocean, although there is a chain of such features parallriing tlm 

I inous coast of parts Central and South America. As stated 
the regions in which these deep trenches occur are sites of volcanic 
ismic activity. The complex topography of the Bast Indian 
ilago, which has been described by Kuenen (1935), is shown 
tically in fig. 208, p. 736. 

a detailed description of the features of the sea bottom the readm 
consult Littlehaies (1932). Vaughan (1938) has described tlw 
iphy of the Southern Hemisphere. There is much information df 
1 the large report by Vaughan and others (1940), which also con* 
ie small-scale bathymetric chart prepared by the Intemariongl 
P'aphie Bureau on a Mercator pi^>jection, a special chart of the 
Pacific prepared by the U. S. Hydrographic and an excel* 

itaaled chart of the Caribbean ^ region prepared by the same 
Tim standard charts on the bathymetry of the oceans ate those 
series known as the Cork Qfyitrale Bathymitriiguo des peianiji- 
ed by the International Hydrographic Bureau at Mmiaco. : Tbcil; 
soroprise twenty-four sheets which sre revmad from tiine to 01^ ■ 
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find are issued periodically as the new charts stre completed. The third 
edition is now bong issued. On these charts the depths are entered in 
meters. General bathymetric charts of the oceans are included in the 
publications of Schott (1926, 1936). Detailed charts of restricted regions 
and general charts of the oceans are issued by the various national agen* 



Pig 3 Polar projection of the Arctic rcgiona ahowing the goneraiim) topogrnptn 
of the aea bottom fChw icbnv’a mundingii of 1941 not mcludotl i 


cies responsible for the publication of navigational charts The repoiti< 
of the Mdeor Expedition {Dexdsihe AtiarUtsche Kjcpediitun “ MtUtor 
1925-1927, Wtsaerischaftliche Ergrbni»»e) will contain charts of the 
Atlantit Ocean, (o be issued in thirteen sheets The Snelhu» Expedition 
has produced excellent bathymetric charts of the East Indian region 
(van Riel, 1934) The (ieological Jiociety of Ameiica has sponsored the 
preparation and pubhcation of detailed topographic charts of the eastern 
and western coasts of the Vnited States based upon the soundings made 
by the U S ('oast and Geodetic 8ur\e> (Veatch and Smith, 1939, 
Shepard and Emery, 1941). 

Bottom Configuration of H»e Arctic ond Antarctic Regkim 

Fig. 3 has been pfrepared to show the submarine topography of the 
North Polar reipons, wWh cannot lie properly visualised from the inter- 
rupted projection used in chart I. The figure ts^based on a chart In 
Stocks (1938) and ineorporates all of the available data. Because of the 
larger scale it as possible to show the contours for the shallower depth* 
that form such a large part of this area. The omisificuoiae topograi^c 
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features are the deep, partially isolated basus aud the very wide dielf 
from which rise tiie lai^e itiands of the Canadiaii Archipelago, Gremlatid, 
and most of the islaads to the north of Europe and 

Very little is known of the topography of the North Polar Basin, 
and the form of the contours is largely hypothetical. Soundinp greater 
than 3000 m are fairly numerous to the north of Europe, and there are 
some to the north of Alaska. A line of soundings also extends from the 
Pole and parallds the east coast of Greenland. These soundings were 
obtained by the Russian expedition which landed on the ice from planes 
and, in 1037-1938, drifted with the pack ire until picked up off the east 
roast of Greenland. Within 100 km of the Pole, this party obtained a 
sounding of 4300 m. The 6000-m contour is inserted on the bans of a 
single sounding of 5440 m obtained in 1927 by Sir Hubert Wilkins, who 
flew out by plane from Alaska, landed on the ice, and measured the depth 
with a portable sonic sounding instrument. The correctness of this 
sounding appears doubtful, however. In April, 1941 , the Russian aviator 
Cherevichny, who landed on the ice in three different localities to the 
north of Wrangel Island and spent from tbiwe and a half to six days in 
each place, obtained much smaller depths (unpublished data communi- 
cated through the American Russian Institute, San Francisco, Cali- 
fornia). Cherevichnv’s soundings are as follows: 


Laixtude^ 


Dipikf 

mrOi 

LongUnde 

m 

8r02' 

180*00'E 

2647 

78 30 

176 40 £ 

1856 

80 00 

170 00 W 

3430 


These soundings were not available when the bathymetric chart of the 
Arctic region (fig, 3) w as prepared 

I The more or less elliptical North Polar Basin is connected witii the 
^'Norwegian Basin by a fairly deep channel between Greenland andSinta- 
^rgen, in which the sill depth is about 1500 ra (table 6). The Norwe- 

i Batin, in which there are two de;>reBsions with depths exoeetting 
m, is separated from the open Atlantic by a ridge extendmg from 
land to Scotland, (rom which Iceland and the Faeroe Islands rise 
sea level The «<ill depths in Denmark Strait, between Greenland 
celand, and over the Wyville Thomson Ridge, between the Faeroes 
cotland, are aboui 500 m. Rising from the fiuor of the Norwejg^aa 
is an isolated elevation that exults above the surface as Jan 
n Island. 

lother depression of considerable magnitude that does not appear 
lart I is in Baffin Basin between Baffin Island and Greenland, 
the depths exceed 2000 m. This batin is separated from the open 
tic by a ridge in Davis Strait between BafiSn Island |UQd Onmlaiidl^ 
the till depth is about 700 m. 
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Interasting topographie faatunw which, are w«Q 4evdoped in the 
Arctic tcgiona are tiie troughs” that out aisroM tiie shelf. These 
U-shaped furrows woe apparaitly cut by glaeiors at a period when the 
sea surface stood at a lower level. One such trough extends around the 
southern tip of Norway, and others may be traced by the irregularities 
of the 200-m contour to the north of Russia and betweoi the islands of 
the Canadian Archipelago. Nansen (1928), in a discussion of the topog- 
raphy of the North Polar Basin, has described these features. 



Fig. 4. Polar projecttoa ahovint generalised sea-bottom U^tograidiy of tbr 
Aataretie regions Depths leas than 4000 m shaded Heavy doUM ones shoe 
the location of the elevations which separate the venous basins. Contours at deptbi 
of 8000 m and mwe eonespond to these in ehart I. 

Rg. 4 u a polar projection of the Antarctic regions which shows the 
rriationshipe between, the major features of the submarine toptHprapht 
that cannot be visualised from chart I. The topography is based on the 
same data used for the preparation of chart I, su{qplemented from other 
sourees. All major depressions are also shown in the worid map, but it 
I'M been possible to enter in this figure the contours above 3000 m 
There are many striking differences betwecm tiie topography of the North 
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lod tile South PoUr rogions. The Mnu-MoJated basins that are so 
prominent in tiie North Polar region are lacking in the South. The 
ibelf, with depths less than 200 m, is extensive only off the east coast of 
.he southern put of South America, where the Falkland Islands rise from 
.he shtif. 

The deep basins extend close to the continent of Ant«‘Otica, and the 
dopes are relatively steep. Joining South America to Antarctica is 
the South Antilles Arc, upon which are located South Georgia, South 
Sandwich, South Orkney, and South Shetland Islands. The ridge is 
continuous at 4000 m, and at 3000 m there are only relatively narrow 
cpenings. The Atlantic Ridge does not extend as far south as Antarctica, 
but is terminated in the vicinity of Bouvet Island. The ridge to the 
louth of Africa and Madagascar is known as the Croset Ridge, after the 
island of that name that rises from it. Forming a part of the Indian 
Ridge is the conspicuous elevation surrounding Kergutien Island known 
as the Kerguelen Ridge. The ridge extending from Australia to Ant* 
arctica supports Macquarie Island and is known as the Macquarie 
Ridge. The importance of these ridges in determining the distributimi 
of properties and the character of the circulation around Antarctica is 
discussed in chapter XV, p. 610 et seg. The greatest depths found in the 
region shown in fig. 4 are in the Byrd Deep to the south of New Zealand 
and in the South Sandwich Trench on the convex ride of the South 
Antilles Arc. 

Bottom Configuration of Adfocent Seas 

It is beyond the scope of this volume to present charts or descriptions 
of the many marginal and adjacent seas. In table 4 are listed the area, 
volume, and mean depth of some of these features. The adjacent seas 
of the Arctic regions arc shov . in ng 3, and in figs. 5 and Q are shown 
the generalized topographies of the European and American Mediter* 
raneans. Details of the topography of other marginal areas are presented 
risewhere. The degtee of isolation — namely, the extent to which free 
Bxchange of \vater with the adjacent ocean is impeded by tiie presence 
if land or submarine barners — plays an important role in determining 
the characteristic distribution of propet ties in such regions (see chapters 
|iv and XV). 

^ The European Mediterranean, which comprises the Mediterranean 
Isa, the Black Sea, and the waters conr<?ctiDg them (namely, the Dar«> 
iliaeUee, the Sea of Marmora, and the Bosporus) forms an intercontinental 
M bordered by Europe, Aria, and Africa. The Mediterranean San 
MCtt|»e8 a deep, elongated, irregular depression with an east»we8t trend, 
U the Black Sm occupies a small and topographically simpler d^tresricMi 
■set to the north. The Black Sea Barin, witii depths exeeeding 2200 
EvirtusUy isolated from the Mediterranean Sea proper, the eotmectictt 
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b^g reslaicted to a narrow and shallow channel in the Bosporus whore 
the sill depth is only 40 m, and a similar channel in the DardandBes 
whore the sill depth is 70 m. In the Sea of Marmora, depths exceed 
1000 m. The Mediterranean Basin, where depths reach 4600 m, is in 
restricted communication with the open Atlantic through the Strait of 
Gibraltar, which is only 20 km wide and where the sill depth is about 
320 m. The peculiar oceanographic conditions that prevail in the Black 
Sea and Mediterranean Sea (p. 642 et seg.) can be attributed to the 
isolation the deeper waters. 

The generalised topography of the European Mediterranean is shown 
in fig. 6, which is based on a chart prepared by Stocks (1938). The 
Black Sea Basin (Y) is of more or less elliptical form except in the north, 
where there are irregular shallow seas of which the largest is the Sea of 



Fig. 5. Generslised bottom topography of the European Mediterranean. Tlie 
larger basins are (I) Algiers-Proven^al, (II) Tyrrhenian, (III) Ionian, (IV) Ijcvantine, 
and (V) Black Sm Basin. 


Asov, east of the Crimean Peninsula. The connection with the Mediter- 
ranean Sea is through the Bosporus, the Sea of Marmora, and the 
Dardanelles into the Aegean Sea, where the irregular topography is 
reflected in the large number of islands. The Mediterranean Sea Basin 
is subdivided by a series of transverse ridges with a north-south trend, 
parts of which extend above sea level The primary division into the 
western and eastern depressions i.s effected by a ridge extending from 
Europe to Africa— namely, Italy, Sicily, and the submerged part of the 
elevation between these land areas and Africa. The sill depth in the 
strait between Sicily and Tunis w about 400 m. The Western Mediter- 
ranean, in turn, is subdivided into the Alipers-Provencal Basin (1) and 
the Tyrrhenian Basin (II) by the ridge extending from northwesteiH 
Italy to Tunis, from which Corsica and Sardinia rise above the sea surface. 
The Eastern M^terranean is subdivided into two major depressions: 
the Ionian Basin (III), in which maximum depths of 4600 m are found, 
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and tlM Levaatine Baain (IV) by tbe rid|^ extmding fn^ Greece to 
Africa. There are other isolated dei»e8rioas of smaller dimemutoos, such 
as the Alborao Basin between Spain and Morocco and those between 
Itidy and Albania in the Adriatic Sea, to the north of Crete mid to the 
south of Cyprus, 

The American Mediterranean encompasses the partially isolated 
basins of the wide gulf bordered by North, Central, and South America 
which are separated from t he open Atlantic by ridges, parts of which rise 
above sea level. The generalized topography of the region is shown in 
fig. 6, which is based on a cliart by Stocks (1938). The chief difference 



Fig. 6. Generalised bottom topography of the American Mediterranean. The 
larger basins are (1) Mexico Basin; (II) Cayman Ri^sin and (III) Cayman Trough, in 
the Western Caribbean; (IV) Colombia Basin and (V) Venesuela Basin, in the 
Eastern Caribbean. The greatest known depth i.i the Atlantic Ocean, m, is 
located in the Puerto Rico Trough to the north of Puerto Riec. 

between the European Mediterranean and the American Mediterranean 
is that the latter has numerous shallow and several deep connections with 
the open Atlantic. The topography of the American Mediterranean is 
extremely rugged, with deep trenches adjacent to steep-sided ridges, 
many of which rise above sea level. This is particularly true in the 
central and southern parts of the region, which are areas of pronounced 
gravity cmomaly, volcanism, and strong seismic disturbances (Field et 
1938). Bordering the low-lymg coast of the Gulf of Mexico, off part of 
Honduras and Nicaragua, and surrounding the Bahama Islands are 
extensive shelves. The slopes leading down to deep water are in genmtU 
ratber steep, parfacularly between Cuba and Jamaica and idong the 
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outer mars^ of the Bahama Islands. On the northern and outer side 
of Uie Lesser Antilles Arc is the Puerto Rico Trough, the deepest depres- 
sion in the floor of the Atlantic Ocean, where the U.S.S. Milwaukee 
obtained a maximum sounding of 8750 m. Although there are many 
openings between the islands on the Lesser Antilles Arc, the openings with 
relatively great sill depths are few in number. In the Straits of Florida 
the sill depth is about 800 m, and in Windward Passage, between Cuba 
and Hispaniola, it is about 1600 m. A third deep channel with a sill 
at about 1600 m is located in Anegada and Jungfem Passages between 
the Virgin Islands and the Windward Islands and between the Virgin 
Islands and St. Croix Island. The oceanographic conditions (p. 640) 
indicate the presence of a small isolated basin between the Anegada and 
Jungfern Passages. With the exception of a channel between Dominica 
and Martinique with a saddle depth less than 1500 m, the Lesser Antilles 
Arc is continuous at depths less than 1000 m from the Windward Islands 
to the coast of South America. 

The American Mediterranean is subdivided into two major depres- 
sions, the Gulf of Mexico and the Caribbean Sea, by a ridge between 
Yucatan and Cuba, and by the island of Cuba. The sill depth in the 
Yucatan Channel is less than 1600 m. The Mexico Basin (I) is a 
relatively simple depression lacking the irregularities that characterize 
the topography of the Caribbean re^on. Maximum depths of nmrly 
4000 m are found in the western part of the basin. The Caribbean 
r^on is separated into two major basins, the Western and the Eastern 
Caribbean, by the Jamaica Rise, which extends from Honduras to 
Hispaniola and from which Jamaiefh rises above the 'surface. The 
Western Caribbean is in turn divided into Yucatan Basin (II) and the 
Cayman Trough (III) by the Cayman Ridge, which extends westward 
from the southern extremity of Cuba. The Cayman Trough is the 
deepest depression in the American Mediterranean, and within the 
Bartlett Deep to the south of Cuba the U.S.S. S-^1 obtained a maximum 
sounding of 7200 m. The Windward Passage between Cuba and His- 
paniola appears to be a continuation of the depression forming the 
Cayman Trough. The greatest saddle depth between the Western and 
Eastern Carribbean is located in the passage between Jamaica and 
Hispaniola, where it is about 1200 m. The Eastern Caribbean is partially 
divided into two basins by the Beats Ridge, which extends south and 
west from Hispaniola toward South America. The western portion of 
the depression is known as the Colombia Basin (IV) and the eastern as 
the Yoieiiuela Basin (V). The Aves Swell separates a small badn with 
depths greater than 3000 m in the eastern part of the Venezuela Basin, 
which is called the Grenada Trough. 

The terminology to be applied to the features of the American 
Mediterranean is ^cussed by Vaughan in the report by Vaughan 
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et al (1940), which also includes an excellent bathymetric chart of the 
Caribbean region prepared by the U. S. Hydrographic Office. The 
currents and distribution of properties in this area are described in 
chapter XV, p. 637. 

Isolated basins are of great interest from an oceanographic point of 
view, and in table 6 are brought together some of the data relating to the 
larger basins in adjacent seas. This tabulation does not include the 
basins in the East Indian Archipelago, which are discussed elsewhere 
(table 87, p. 738). The maximum depth withii^ each basin and the 
greatest sill depth at which there is horizontal communication with 
the adjacent basins are listed as well as the difference between the greatest 
depth in the basin and the sill depth. The latter value corresponds to the 
depth of the “lake” that v/ould be formed if the water level were lowered 
to the greatest sill depth. It will be seen that most of the basins listed 
are without horizontal communication through vertical distances of 
3000 to 4000 m, and that in the Yucatan Basin the greatest depth is 
5600 m below the sill. In great contrast to these deep basins is the Baltic 
Sea (average depth, 55 m), where depths greater than 300 m are restricted 
to small, isolated depreasions and where the sill depth is only 20 in. 

In fig. 7 is shown the topography of the area off the coast of Southern 
California. This coastal area is one of considerable interest in that^t is 
physiographically similar to the adjacent land area and apparently 
represents a down-warped portion of the continent. The continental 
shelf is relatively narrow', and offshore is a series of basins and ridges 
upon which several islands are located. In the southern part the real 
continental slope leading down to the oceanic ab 3 's.s is approximately 
150 miles from the coast. This is not shown in the map. Several small 
canyons are also depicted in the figure. 

Submarine Conyons 

For many years it has been known that there were furrows cutting 
across the shelf in certain regions, but only since it became possible to 
obtain large numbers of accurately located soundings of the shelf and 
slope were such features found to be numerous and widespread. Vari- 
ously termed canyons, valleys, mock-valleys, and gullies by different 
authors, they have stimulated a great deal of interest among geologists, 
and a large literature has been built up dealing w'ith the character and 
mode of formation of these canyon.s. The data concerning the topogra- 
phy of the canyons have largely been obtained by national agencies 
engaged in the careful mapping of neanshore areas. Such data have 
been used by Veatch and Smith (1939) and by Shepard and Emery 
(1941) to prepare general and detailed topographic charts of the canyons 
off the east and west coasts of the United States. Stetson (1936) has 
canied out independent observations on the east coast, and Shepard 
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and his associates have made intensive studies of canyons, particularly 
on the west coast. The chief interest of the geologist has been to estab- 
lish the manner in which the canyons were formed, and numerous 
hypotheses concerning their origin have been proposed. Shepard 
(Shepard and Emery, 1941 ) has discassed in detail the various hypotheses 
that have been advanced and offers arguments both for and against each 
of them. 

Although the terms listed al)ove have been used more or less synony- 
mously, the size and general character of the canyons vary greatly. 
Some of them off the mouths of rivers, such as the Hudson (fig. 9), 



Fig. 7. Topography of a ]>a.t of the very irregular eea bottom off the coast of 
southern California where there is a basin and ridge topography very similar to that 
on the adjacent land. Depths in fathoms (after Revelle and Shepard, 19391. 

Congo, and Indus Canyons, Ixave depression.'! that can be traced acro.ss the 
shelf and even into the mouths of the rivers. Some canyons extend 
across the shelf, but others — for example, many of those shown in the 
charts prepared by Veatch and Smith — arc limited to gashes in the 
continental slope and do not cut far across the shelf. The upper parts 
of the canyons are generally found to be steep-walled, V-shaped in profile, 
with the bottom eloping continuously outward (fig. 8). Some are wind- 
ing, and many show a dendritic pattern, having sm^ler tributary 
canyons. In size they vary from small gullies to vast structures of the 
same dimenrions as the Grand Canyon of 'the Colorado River (£^. 8). 
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The head of a canyon may sometimes be traced into shallow water within 
a few hundred meters of the land^ and in other cases it is restricted to 
the upper part of the slope in depths of 100 to 200 m and at distances of 
fifty or more km from the coast. Certain canyons can be traced outward 
for great distances and into depths of several thousand meters, but 
Shepard is doubtful whether the deeper parts of the canyons, which are 
wider and have much gentler wall slopes, are of the same origin as the 
inner parts. The canyons are characteristic of continental coasts, but 



Fig. 8. Profil<?s of submarine canyons. (A) Transverse profile of the submarine 
canyon in Monterey Bay compared to a profile of the Grand Canyon of the Colorado 
River in Arizona (cf. fig. 10). (B) Transverse profiles of a small, steep-walled canyon 

off the southern California coast, (C) I^ongitudinal profiles of the Lydonia Canyon 
and the adjacent shelf and slope. (D) and (K) Transverse and longitudinal profiles 
of the Hudson Canyon, showing the relation to the adjacent shelf and slope. The 
locations of the transverse sections (D) are shown on the longitudinal profile. Note 
the vertical exaggeration in certain of the diagrams and the differences m horizontal 
scales (A and B after Shepard, 1938; C, D, and E after Veatch and Smith, 1939). 


there is some evidence to show that similar features occur around oceanic 
islands. 

The steep walls of the canyons are generally free of unconsolidated 
sediment, and in those canyons where special investigations have been 
made the walls appear to be generally of sedimenf>ary rock; in a few cases 
(for example, Monterey Canyon off the California coast, fig. 10) the 
canyons are cut into granite that is overlain by sedimentary rock. The 
sediments in the bottom of the canyons are generally coarser than those 
on the adjacent shelves, and in some of them cobbles and gravel have been 
found. 
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The following agencies have been advanced as posiuble causes for the 
formation of the canyons; 

1. Diastrophism. 


2. Erosion by submarine current*. Daly (1936) advanced the 
theory that “density currents” produced by suspension of much fine* 



I'lS- 9- 'topography of the shelf and slope off part of the eastern coast of the 
I'liited States sliowiiig different types of .>ul)inanne canyons. The Hudson Canyon 
can lie traced far aer<>ss the shelf; others, such .a.s the Lydonia, Oceanographer, and 
Hydrographer Canyon.s, cut into the outer margin of the shelf, while others are 
restricted to the slope itself. Depth con'ours in fathoms. tSimplified from chart in 
Watch and Smith, 1039.) 



Fig. 10. Monterey Canyon off the coast of California. 

grained eediment may have flowed donm the slope and cut the canyons, 
particularly during intervals of lowered sea level during the gl^iid 
periods. Density currents occur in reservoirs, but there is no evidoiee 
of their existence in the sea, where the density stratification of the water 
impedes vertical flow. • 
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3. Spring sapping, Johnson (1939), in a thorough review of the 
literature concerning the character and origin of submarine canyons, 
develops the hypothesis that solution and erosion resulting from the 
outflow of underground water might contribute to the formation of the 
canyons. 

4. Mudflows and landslides. Mudflows are known to occur in the 
canyons (Sliepard and Emery, 1941) and are agents which tend to keep 
the canyons clear of unconsoli<lated debris, but it is doubtful whether 
they are capable of eroding rock. 

5. Tsunamis or earthquake waves (p. 544). l^uchcr (1940) pointed 
out that most of the currents that might bo found in canyons are of 
relatively low velocity and aie therefore incapable of active erosion of 
rock- As a possible explanation of the submarine origin of the canyons 
he suggested that the rapid currents associated with earthquake waves 
set up in the sea by violent seismic motion of the sea bottom might be 
effective agents. 

6. Subaerial erosion. The five explanations listed above are com- 
patible with the formation of tlie canyons below the sea surface. Because 
of their many resemblances to river-cut canyons on land, many investi- 
gators, notably Shepard, believe that the canyons must have had a 
subaerial origin, How'ovcr, there is no accei)ted geological theory that 
would account for the world-wide exposure of tlie shelf and slope within 
relati\ely recent geological time. To overcome this diflieulty, Shepard 
has suggested that during the ice ages the amount of w^ater removed 
from the ocean and dej)osited as ict f^aps may have been mtich greater 
than ordinarily l)elieved (p. 25). 

Shepard (Sliepard and Emery, 1941) has carefully evaluated the 
arguments in favor of and opposed to these various hypotheses (concerning 
the origin of submarine canyons, and he concludes that no single h> pothe- 
sis \et advanced can aicount for their characteristic features. Problems 
also exist concerning the processes which remove the sedimentary dehri.s 
that must be swe^pt into the can^'^ons from the shelf. Mudflows and 
transportation by currents are known to be operative, but their eff(»ctive- 
ness has not yet b(^en dctcrniined. 

Shorelines 

The study of the development of .shorelines has been carried out by 
gi^ologists and physiographers who have classified the different types of 
coasts largely uj:)on the basis of the extent to which erosion and deposition 
have affected the coastal configuration. Johnson (1919, 1925) has 
described the characteristic features of the coast and shallow-water zone, 
and these and other sources should be consulted in order to appreciate 
the complex nature of the transition zone between land and sea, where the 
effects of erosioti and deposition, both subaerial and marine, must be 
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taken into account. In the chapter on marine eedimeotation (chapter 
XX) the properties of beach and shallow-water sediments are discussed 
with reference to the source of sedimentary debris, the trsmsporting 
agencies, and the roles of waves and currents in erosion and deposition. 
Although many observational data have been obtained on the features 
of the coastline, the evaluation of the relative importance of the different, 
factors involved has been handicapped by the lack of adequate knowledge 
of the characteristics of waves, tidal currents, and other motions in the 
sea as transporting and eroding agents. 

The classification of shorelines has been treated by Johnson (1919) 
and Shepard (1937). Shepard's primary' classification is based upon a 
consideration of the following factors; 


1. Primary or youthful coasts with configurations due mainly, to 

nonmarine agencies. ^ 

a. Those shaped by terrestrial erosion agencies and drowned by 
deglaciatibn or down-warping. 

b. Those shaped by terrestrial depositional agencies such as 
rivers, glaciers, and wind. 

c. Those shaped by volcanic explosions or lava flows. 

d. Those shaped by diastrophic activit.v. 

2. Secondary or mature coasts with configurations primarily the 
result of marine agencies. 

a. Those shaped by marine erosion. 

b. Those shaped by marine depo.sition. 


The beach is defined as the zone extending from the upper and land- 
ward limit of effective wave action to low-tide level. Consequently, the 
beach represents the real transition zone between land and sea, since it is 
covered and exposed intermittently by the w‘i ves and tides. The charac- 
teristics of beaches depend so much upon the i ature of the source material 
composing their sediments and the effects of the erosion, transportation, 
and deposition by waves and currents that they can be more profitably 
discussed in the chapter on marine sedimentation. The upper part of 
the beach is covered only during periods of high waves, particularly when 
storms coincide with high spring tides. The slope of the beach is largely 
determined by the texture of the sediments (p. I'US), but the extent of the 
beach will depend upon the range in tide. The terminolc^ applied 
to the various parts of the beach and the adjacent regions is shown in 
fig. 11, taken from a report by the Beach Erosion Board (U. S. Beach 
Erosion Board, 1933). 

Beaches composed of unconsolidated material are characteristioally 
regions of instability. Every wave disturbs more or less of the smaller 
Momentary pwticlea, and the character of the waves will detennine 
whether or not there is a net removal or accretion of sedimoit in any 
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locality during a given time interval. Currents that effect a net transport 
of material kept in suspension by the waves also play an important part 
in shaping the beach. Fluctuations in the direction and height of the 
waves or in the direction of the currents alongshore usually result in 
changes in the profile of the beach. Such changes are commonly seasonal, 
and corresponding changes occur in the amount of sand in any locality 
and in the profile of the beach (Shepard and LaFond, 1940). The insta- 
bility of the be.ach over relatively short time intervals has many impli- 
cations in connection with the beach as an environment for sedcntniy 
organisms (chapter VIII). 



Fig. 11. Tenniiiology applird to v.iriou'* parts of f!ir l)<.>Ach profile. Berms are 
small imperinanent terraces which are formed l)y deposition during calm weather 
and by erosion during storms. The plunge point is the variable zone where the 
waves break, hence it.s location depends on the height of the waves and the stage of 
the tide. 

.4itb«>ugh subjfcl to short-period disturbance.*!, the beach in general 
represents an equililniurn condition, de.spite the slow erosion of the coast 
or the permanent deposition that may be taking place. If the normal 
interplay of waves and currents is impedeti in any way, as by the building 
of piers, breakwaters, or jettie.s, the character of the beach may be entirely 
changed. In .eome instances, highly undesirable erosion of the coast may 
result, and in others equally undesirable deiK>Rition may result. These 
changes will proceed until a new equilibrium is established that may 
render the value of the structure worthleas for the purpose for which it 
was originally int.ende<l. The construction of breakwaters, jetties, sea 
walls or groins, and similar structures on an open coast should be under- 
taken only after a careful investigation of the character and source of 
the sedimentary material, the prevailing currents, the strengtit and 
direction of the waves, and other factors that determine the equilibrium 
form of the beach. The Beach Erosion Board of the U. S. Army, Corps 
of Lnpneenr, as well as various private organisations, are engage in 
studies of this type. 
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CHAPTER III 


Physical Properties of Sea Water 


The properties of pure water are unique in comparison with those of 
other liquids, and the nature of our physical environment— that is, the 
characteristics of the oceans, the atmosphere, and the land — is in many 
ways dependent upon the peculiar properties of water. The "fitness” 
of water for the manifold needs of living organisms has been pointed out 
by physiologists and ecologists (for example, Henderson, 1913, Bayliss, 
1927). Table 7 shows some of the characteristics which are important 
in this respect for both fresh water and sea water. 

The unique character of water is further emphasized by the fact that, 
according to studies on related compounds, pure water should freeze 
at about — 150®C and boil at -10u®C. The chemical constitution of 
water offers no explanation for these anomalies and certain other devi- 
ations from the theoretical properties. However, it has been found that 
liquid water is not made up of individual H»0 mole<-ule8 but that it is 
polymerized— that is, multiple groups containing one, two, or three 
elementary H*0 molecules may exist. These are referred to as mono- 
hydrol, dihydrol, and trihydrol. The relative proportions of the three 
forms depend upon the temperature, the immediate past history of the 
water, and other factors. The degree of p<f]ymerization decreases with 
increasing temoerature. The existence of tue water polymers is helpful 
in explaining certain of the peculiar properties of water such as the high 
melting and boiling points. The degree of polymerization has been 
thought to have certain physiological effects (Barnes and Jahn, 1934). 

The discovery of isotopes of hydrogen and oxygen has modified our 
conception of "pure” water. All naturalb' occurring water contains 
small but variable amounts of heavy hydrogen (deuterium) and heavy 
oxygen. These modify the density and other properties, but, since their 
concentrations are extremely small, the effect is slight. As the under- 
standing of this problem increases, it may become desirable to d^ne 
more exactly certain physical units that are based on the properties of 
water, such as the liter and calorie, by taking into account the isotopic 
componUon of water. The amounts of the heavy^ isotopes vary some- 
what, depicting upon the source of Uie water. Wirth, Tllompemi, wd 
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Tablb 7 

CERTAIN PHYSICAL PROPERTIES OF WATER 
(In part after Fleming and Revelle, 1939) 


Property 


Comparison with other 
substances 


Importance in physical- 
biological environment 


Heat capacity 


Latent heat of fu- 
sion 

Latent heat o f 
evaporation 

Thermal expansion 


j Highest of all solids and liquids 
except liquid NHt 


Highest except NHt 


Highest of all substances 


Temperature of maxiinuiu den- 
sity decreases with increasing 
salinity. For pure wat<^r it is 
! at 4*^0 


Surface tension Highest of all liquids 


Dissolving jKjwer 


In general dissolves more sub- 
stances and in greater quan- 
tities than any other liquid 


Prevents extreme ranges in 
temperature 

Heat transfer by water move- 
ments is very large 
Tei^s to maintain uniform 
body temperatures 
Thermostatic effect at freezing 
point owing to absorption or 
release of latent heat 
Large latent heat of evapo- 
ration extremely important in 
I heat and water transfer of 
! atmosphere 

Fresh w^ater and dilute sea 
water have their maxiniuin 
density at temperatures above 
the freezing point. This pnip- 
erty plays an important part 
in controlling temi>erature dis- 
tribution and veriici^ circu 
Jation in lakes 

Important in phy.siology of the 
cell 

Contreds certain surface phe 
nomena apd drop formatior 
and behavior 

Ol>\iou.s implications in both 
physical and biological phe- 
nomena 


Dielectric constant 

j Pure waU?r has the highest of 
j all liquids 

! 

i 

\ Of utmost importance in be- 
i Itavior of inorganic dissolved 
' v-ubslances becauise of resulting 

I high dis^sociation 

Electrolytic dissoci- 
ation 

* Very small 

1 A neutral substance, yet con- 
I Uins both and OH ' ions 

Transparency 

1 

Relatively great 

j 

Absorption of radiant energy is 
large in infra re^i and ultra- 
violet. In visible p<^rtion of 
energy spectrum there is rrla 
tivciy little selective absorp- 
tion, hence is ^^colorleas/' 
(.-haracteristic absorption im 
portan! in physical and bio 
logical phenomena 

Conduction of heat 

Highest of all liquids 

Although important on sma 
senile, as in living cells, th 
molecular processes are fa 
outweighed by eddy condu 

4 


j tion (see text) 
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Utierback (1935) found that distilled water prepared from aea^wat^ 
samples was, on the average, 1.4 X 10~* greater in density than distilled 
tap water. Sea water from areas of great dilution showed a somewhat 
smaller anomaly — namely, 0.2 to 0.5 X 10~* in density. Samples from 
the depths of the ocean were higher than the average. Swartout and 
Dole (1939) found that the density of water distilled from a sea-water 
sample was 1.7 X 10”* greater than that prepared from Lake Michigan 
water. They also found that the ratio between hydrogen and deuterium 
in sea water was about 7000:1. Rain water, and consequently fresh 
water, has a lower proportion of the heavy isotopes than sea water, since 
a certain fractionation takes place in the process of evaporation. The 
field of isotope study is relatively new, and as yet little is known about 
the distribution or significance of the isotopes. Their variability is 
apparently rather small and conssequently will not significantly affect 
the magnitude of the propertie.s to be discussed. 

Information as to the physical properties of distilled water is found in 
comprehensive handbooks (for example, Dorsey, 1940) or in the Inter- 
national Critical Tables. A number of those physical properties depend 
upon two variables, temperature and pressure but in the case of sea water 
a third variahlc has to be con.sidered; namely, the salinity of the water, 
which will be defined and discussed l^elow. Some of the properties, such 
as compres.sibiUty, thermal expansion, and refractive index, are only 
slightly altered by the presence of di.ssolved salts, but other properties 
that are con.stant in the c&se of distilled ivater. such as freezing point 
and temperature of maximum density, arc dependent on salinity in the 
case of sea water. Furthennore, the presence of dissolved salts adds a 
few new characteristics to sea water, such a.s osmotic pressure. General 
surveys of the physical properties of sea water have been given by 
Krtimrael (1907), Matthews (1923), Harvt ,' (1928), Johnstone (1928), 
and Thompson (1932). 

Another important a.s[)ect of the physical characteiistios that has to 
be considered when dealing wilh water as it occurs in nature, regardless 
of whether fresh water or 8<»a water is concerned, i.s that several important 
processes are greatly modified by the presence of minute suspended 
particles or by the state of motion. Thus, the absorption of light in 
lakes or in the sea is entirely different from i he absorption of light in 
distilled water or in “pure" .sea water, because the waters encountered 
in nature alway.s contain susiiended matter that causes increased scatter- 
ing of the light and consequently increased absorption in layers of similar 
thickness. The processes of heat conduction, chemical diffusion, and 
transfer of momentum from one layer to another are so completely 
altered in moving water that, for w'ater under natural conditions, the 
coefficients which have been determined under laboratory conditions 
must be replaced by corresponding “eddy” coefficients that depend 
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upon the presence of eddies. Some of the physical properties of sea 
water, therefore, depend only upon the three variables, temperature, 
salinity, and pressure, which can all be determined with great accuracy, 
whereas others depend upon such variables as amount of suspended 
matter or character of motion, winch at present cannot be accurately 
determined. Before turning to a discussion of the physical properties 
and their relations to these variables, we shall discuss the salinity of the 
sea water. 

Salinity and Chlorinity 


In the chapter on chemical oceanography the composition of the 
dissolved constituents in sea water is considered in detail. Our present 
interest is only in the more abundant hubstances whose concentration 
will affect the physical properties. It has been found that regardUm of 
the absolute tumcaitration, the relativi fro'portious of the differeyii major 
constituents are virtually constani, e.vcept in regions of high dilution (low' 
salinity), where minor deviations may 4>ccur. From this rule it follows 
that any one of the major constituentvS may lx? used as a measure of the 
others and of tlu‘ total amount of salt, and that water samples having the 
.same total salt content, regardless of their sourc(\ are virtually icfenticiU 
in their physical projMTties. 

Owing t(; tlu? complexity of sea water, it is imposwsible by direct 
chemical analysis to determine the total quantity (d dissolved solids in a 
given sample. Furthermore, it »s impossible to obtain reproducible 
results by evaporating sea water to dryness and weighing the re^sidue, 
because certain of the materials present, chiefly chloride, are lost iri the 
last stages of drying. These difficulties can l»e avoided by following a 
technique yielding reproducible results which, althc)ugh tfiey do not 
represent the total quantity of dis*^olvefi Milids, do repft\sent a quantity 
of slightly smaller nmnerical value that is closely related and Ijy detitution 
is called the salinity o\ the w ater. This technique w ^is established by an 
International Conunission (Forch. Kniadsen, and Sorensen, HH)2), and 
on the basis of its work the salinity is defined the fatal amount of solid 
material in grams coniatfud in one kilogram of sva water when all the 
carbonate has been converted to oxide, Ihe bromine a fid uriine rerpUieed by 
chlorine, and all organic matter completdy oxulized. 


The determination of salinity by the method of the International 
Commission is rarely if over carried out at the prewnt time because it 
is too difficult and slow, but, owing to the constant composition of Uw 
dissolved solids, the determwation of any of the ehme/its present in 
relativejy Jarge quantity can be used as a measure of the other ehmeats 

«P approximat.)ly 66 per cent 

titration with -iHw nitrate, uming poUssJum rhrvmaUt as iaScat-Or 
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The empirical relationship between salinity and chlorinity, asr established 
by the International Commission, is 

Salinity *« 0.03 + 1.805 X Chlorinity. 

The chlorinity that appears in this equation is also a defined quantity and 
does not represent the actual amount of chlorine in a sample of sea water. 
Both salinity and chlorinity are always expressed in grams per kilogram 
of sea water — that is, in parts per thousand, or per mille, for which the 
symbol ®/uo is used. 

CHtoiUNiTy. In the titration with silver nitrate, bromides and 
iodides are precipitated together with the chlorides, but in the compu- 
tation it is assumed that they are chlorides. Chlorinity was therefore 
originally defined as the total amount of chlorine, bromine, and iodine in 
grams contained in one kilogram of sea water, assuming that the bromine 
and the iodine hatl been replaced by chlorine. This definition introduces a 
chlorino-equivalent that is dependent upon the atomic weights used in 
preparing the standard solutions. Since the time of the work of the 
International Commission, there have been changes in the atomic weights, 
and the relation between salinity and chloiinity as defined above is no 
longer strictly true. In order to retain this relationship and to avoid 
apparent change.s in the chlorinity >f sea water it has fortunately been 
po.«sil)le to redefine chlorinity so that it is independent of changes in 
atomic weights. 

The primary standard used in the determination of chlorinity is 
so-called “Normal Water ’ {Eau de mer normale), prepared by the 
Hydrographical laboratories in (aipenhagcn, Denmark, and distributed 
to all oceanographic institutioms. rioine of these institutions made their 
own secondary standards by means of the Normal Water. As a result 
of world conditions the preparation of No tnal Water has temporarily 
been taken over by the Woods Hole Occam ,j:raphic Institution. 

Normal Water is sea wat«'r whose chlorinity has been adjusted to 
a)>out 19.4 '’/uo and accurately determined by either direct or indirect 
comparisons with the original standard prepared in 1902. Hence, the 
chlorinities of all batches have been independent of changes in the atomic 
weighfjj. A new primary standard (l;rnormal-1937), prepared in 1937, 
will be used to establish the chlorinity of .' .tore batches of Normal 
Water for general distribution (Ja<;ol)sen and Knudsen, 1940). Com- 
parison with earliei series of Normal Water showed the chlorinity of the 
new standard to be 19.381 'Vm- As a more absolute method should be 
available with which to check future Normal Water preparations, the 
1937 primary standard was analysed, using extremely pure “atomic 
weight silver.” The equivalent amount of silver necessary to precipitate 
the halvdes was determined and the ratio oi chVonnity Ao sftvet was 
iound to be 0 3285233. On this basis a new .definition of chlorinity was 
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introduced: The number giving the chloriniiy in grame per kil^ram of a 
sea^’VxUer sample is identical with the number giving the mass in grams of 
** atomic weight silver^* just necessary to precipitate the halogens in 0.3286233 
kilogram of the sea-water sample^ By this redefinition the chlorinity hss 
been made independent of changes in atomic weights, whereas the 
chlorine-ecjuivalent, for wiiich the original definition is retained, may vary 
slightly as the atomic weights are modified. The empirically e.stablished 
relationship between chlorinity and salinity (p. 61) remains valid and, 
according to the new definition of chlorinity, v41I never be affecte<l by 
modification of the atomic weights. 

The ratio of chlorine to silver, using the 1940 atomic weights iAg = 
107.880 and Cl ~ 35.457), is 0.3280707. Hence the ratio of chlorine- 
equivalent to the chlorinity is: 


0.328(5707 

0,3285233 


I .(KX)45. 


This ratio is important when computing tl\e chenucal composition of .sea 
water of given chlorinity, as the chlorine-cxiui valent will be greater than 
the indicated chlorinity. It must also be taken into account when 
preparing standard chloride solutions or when direct gravimetric analyses 
are made to determine the halide content of sea wat(‘r. It is of Tnteresi 
to see how closely this ratio corresponds to the change which (‘ould be 
expected from the modification of the atmnic weiglits. According to 
Jacobsen and Knudsen (1910) :he indicated chlorinity of the Normal 
Water should be increased by 0.0094 Voo t*' ^hi.s modifi('ation into 
account. This promlurt? gives a ratio betvvtu'n chlorine-equivalent and 
chlorinity of 1.00fM85, which is in good agreement witli that given above. 

When dealing with the chemistry of sea water. ofhcT substances are 
generally determined and reportcii on a vtiluine ba.'iis, wherefore it is 
convenient to introduce chionmiy iCl) (Intern. Assn, l^hys. Oceanogr., 
1939), wdiich is the property comrsponding to the thhuinity expressed 
as grams j>er 20*^-111^1’ fp. 109). ('iilorosity is obtained by multiplying 
the chlorinity ol a water iiainple by its density at 2^V^ 'I' able 8 gives the 

corresponding values of chiorositv for chtorinith>« between IS.Ot'l atitl 

21.00 Vpo. 

MeTHOOB FOK OBTAlNiN(J SaI.INJTY, OtHEU THAN ThHATION Wnif 
Silver Nitrate. The salinity can aJsfj iyfj determined from the density 
of a water sample at a given temperature or by measuring either the 
electrical conductivity or tlie refractive index, both of wldeh depend upon 
the salinity. The character of these properties will be dealt wnlh lxdow» 

but their application to salinity detmjnrmtions will be briefly discussed 
here. 

DetennimtioDs of density are appruprmtely inrludeil utidor mathodi^ 
or obtaining sadwty^ because such deUuniin&tiQas are generally made at 
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atmospheric pteesure and at room temperature and will thus differ from 
the density of the water sample at the loesiity where it was colleeted, but 
from the density thus observed the density at 0®C is computed, and from 
the latter the salinity can be found by means of Knudsen's Hydro- 
graphical Tables (p. 66). Determinations of density are rarely made, as 
it is difficult and time consuming to obtain an accuracy comparable to 
that obteuned from the chlorinity titration, which is about ±0.00001. 

Table 8 

CORRESPONDING VALUES OF CHLORINITIES AND CHLOROSITIES 


> II 

Chlorinity, Vm. . 16.00 16.00 n.OOj 18.00| 19.00; 20.001 21.00 

Chlorosity, g/L. 15.28 16.32j 17,37i 18.411 19.461 20.51' 21.57 

Difference , 28 32 37 . 41> 46 .5l‘ .57 

!_ I L 

The methods used oan be classified in two groups. In one, the mass of 
an accurately known volume of water at a definite temperature is deter- 
mined, for example, by using a pycnometer bottle. In the second group, 
some form of hydrometer or float is used, and the den.sity is computed 
from the wreight of the hydrometer and the volume of the displaced 
water. The common form of stem hydrometer is generally not suffi- 
ciently accurate except when dealing with coastal waters, where great 
differences in density are found in short distances. The chain hydrome- 
ter of Hans Pettersson (1929) gives greater accuracy, but not as high as 
desirable. Nansen (1900) de\'eloped a hydrometer of total immersion 
which is very sensitive but which requires a water sample of at least 
300 ml. The buoyancy is adjusted by the addition or removal of small 
weights until the hydrometer nei her sinks nor rises in the sample, the 
temperature of which mast be known within ±0.02'*. Another type of 
instrument makes use of a sinker suspended in the water sample from one 
arm of a delicate chemical balance (Cummings, 1932). The “weight” 
of the sinker in a sample at a known temperature is determined, and from 
this the density' may' be computed. In all instances various corrections 
must be applied and the original sources consulted before any such 
determinations are attempted. Thompson (1932) has described the 
methods in some detail and give.s many references. 

Measurements of the electrical conductiv'* ■ have been employed on 
board the Carnegie and by the U. S. Coast Guard as the routine method 
for obtaining salinities. Owing to the relatively high concentration of 
the ions and the effect that temperature has upon the conductivity, the 
apparatus and the technique employed are rather complicated (Wenner, 
Smith, and Soule. 1930; Soule, 1932). These instruments are stand^- 
iaed empirically, using sea-water samples of known mUnity (detmained 
by silver nitrate titrations agmnst Normal Water), and Jhe values for 
the unknown samples are obtained by interpolation. In order to obtain 
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results of adequate accuracy, extreme care must be taken to control the 
temperature of the conductivity cells, and the resistance must be measured 
very accurately. A simplified diagram of the type of circuit used in 
electrical conductivity measurements on sea water is shown in fig. 12. 
A and B represent two similar electrolytic cells. /2 is a variable resistance 
in series with the cell used for the unknown sample. A contains sea 
water of known chlorinity or a standard potassium chloride solution of 
approximately the same conductance. C and D are fixed resistances and 
S is a slide-wire resistance. // is a source ci alternating current of 
frequency between 600 to 1000 cycles per second at a potential of about 
0.5 to I.O volt. T represents the telephone receiver used to establish 
the balance of the bridge. Two cells arc used to eliminate small tempera- 
ture effects. For details coneern- 
g ing the circuit and the various 

in.-^t niinents tint original references 
cited above should be consulted, 
rv/" " " According to Thomas, Thomp- 

son, and Utterback (1934) the 
Grinncl Jones (‘onductivity bridge 
may ho used with Wfwhbttrn 

|)i[ief tO“t vpe cells, the eithstants 

of w'hi<4) are determined with 



Fig- 12. Circuit uscii in n>ex‘isun>mcnts standard f>otRssium chloride 
of the cioctricfll conductivity as a mcir* of solutions. 

obtaining the j?a]inity of «pa w a t^'r. ^ • , r 

hois are explainc/i in the text. ^ Trjrtuitvf* index of sea 

w at er, which will be discussed hiUir 
(p. 70) in greater detail, varies only slightly wdthin therangesof tempera- 
ture and salinity encountered in the but, in an interferometer, <liffer- 
ences in refractive index can be measured with extreme accuracy. At a 
givTn temperature such differences, depend only upon the salinity, and 
special types of interferometers have therefore been developed for indirect 
detenninations of salinity, using water of known salinity as a standard. 
Monochromatic light must be used because the refractive index varies 
with the wave length. This method of determining salinity has not l>een 
widely used. 


Units of Temperoture, Salinity, and Pressure, and Their Ronges in the Seo 

In oceanography the temperature is measured in degree^s centigrade. 
I'he thermometers used are described on p. 317. The accuracy of the 
measurements is about 1 0.02®G. Salinity is given as grams per kilogram 
of Fca water; that is, in part.s per thousand, or mille, for which the 
symbol is used. An accuracy of tOJ-)2 is required. Pressure 
(p. 170) is mttasured in atmospheres or in units of the e.g.s. ayaiem. 
atmosphere is defined as the pressure exerte<l j>er square centimeter by a 
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column of mercury 760 mm hiRii at a temperature of 0®C, where the 
acceleratir)n of gravity is ySO.fiOo cm/sec“. In chemical oceanography a 
related unit, the Torr, is used which equals the pressure exerted per square 
centimeter by a column of mercury 1 mm high at a tcmircrature of 0''C 
and at the above-mentioned acceleration of gravity. The c.g.s. unit of 
pressure Is dyne/cm^ .an<l 1 atmo.sphere = 1.0133 X 10* dynes/cm*. 
One million dynes/cm- was designaterl as 1 bar by V. Bjerknes. The 
corresponding practical unit used in physical oceanography is 1 decibar, 
which equals 0.1 bar. ^'hp pressure ex<,Tted per square centimeter by 
1 m of sea water very nearly equal.s 1 dcciltar; that is, the hydrastatic 
pres.surc in the se;i increases by 1 decibar for approximately every meter 
ot de pth. 'I hcrcforc, thi‘ iJcpth in nn’h’rx arid the pressure in decibars are 
expressfd by nearly the. sutne numerical value. Thi.s rule i.s sufficiently 
accurate lor determining the effect of pre.s.<ur(; on the physical properties 
of the water, hut details of ihe. pres.surc (li'strihution must he computed 
from the density distribution tp -lOS). 

In the o<‘(‘:ias the temjK'rature ranges from about —2° to -+-30®C. 
The lower limit is determined by the foimation of ice, and the upper 
limit is delerifiincil by j>roce.sse.s of radiation and exchange of heat with 
the atmo.sphere .p. 127;. In landlocked areas the .surface temperature 
mav Ik- higher, but in the open ocea;. it rarely exceed.s 30®C1 

Tilt' salmi I y in the oceans is generally between 33 Vm and 37 Voo- 
'I he surface .salinity in liigh latitudes, in regions of high rainfall, or where 
there is dilution by rivers may be considerably less, ant* in certain semi- 
(-ncloseil area.-, .such as the Gulf of Bothnia, the salinity may approach 
zero. In i.-oiatoii seas in intermediate latitudes, such as the Red Sea, 
where evaporation is e.xccssive. sahiiities may reach 40 */«« t>r more. As 
the range in the open oceans is rather small, it is sometimes convenient 
ti> u.se ,* salinity of 35 */(ifl as an average for all oceans. In the chapter 
on the chemistry of sea water the tabuiatirns are made for water of 
19.00 '’/»a chlorinity; that is, 34.325 “/on salinity. 

In dealing with the pressure in the oceans, the atmospheric pressure 
is always neglected and the pressure at the sea surface is entered as 
zero. Since the pressure is essentially a function of depth and the 
numerical value in decibars nearly equals- the depth in meters, the range 
in pr<'.ssure will be from zero at the sea surfa* jO over 10,000 deeibars 
m the deci.>est part of the ocean. 

‘ )wing to the character of the distribution of temperature and salinity 
in the oceans, some relationship.s exist between these conditions and the 
pressure. The temperature of the deep and bottom water of the oceans 
is always low, varying between 4 and — l*C, so that high pressures are 
i-sociated witli low terata ratures. Similarly, the salinity of deep and 
bottom water varies within narrow limits, 31.6 V«'o to SSVoo, and high 
lirc-SKures are therefore associated with salinities betwfsen these limits. 
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Exceptions are found in isolated seas in intermediate latitudes, such as 
the Mediterranean and Red Seas, where water of high temperature and 
high salinity is found at great depths, and hence under great pressure. 

Density of Sea Water 

The density of any substance is defined as the mass per unit volume. 
Thus, in the c.g.s. system, density is stated in grams per cubic centimeter. 
The specific gravity is defined as the ratio of the density to that of distilled 
water at a given temperature and under atmospheric pressure. In the 
c.g.s. system the density of distilled water at is equal to unity. In 
oceanography, specific gravities are now always referred to distilled 
water at 4°C and are therefore numerically identical with densities. 
In oceanography the terra density is generally used, although, strictly 
speaking, specific gravity is always considered. 

The density of sea water depends upon three variables; temperature, 
salinity, and pressure. These are indicated by designating the density 
by the symbol but, when dealing with numerical values, space is 
saved by introducing which is defined in the following manner: 

Thus, if == 1.02575, ~ 25.75. 

The density of a sea-water sample at the temperature and pres.sure at 
which it wa.s collected, is called the density m situ, and is generally 
expressed as At atmospheric pressure and temperature the 

corresponding quantity is simply written and at 0®, it is written ao^ 
The symbol d will be used for temperature except when writing ai, where, 
following common practice, t stands for temperature. 

At atmospheric pressure and at temperature of O^C the density 
is a function of the salinity only, or, as a simple relationship exists 
betw'een salinity and chlorinity, the density can be considered a function 
of chlorinity. The International Commission, which determined the 
relation between salinity and chlorinity and deveIop>ed the standard 
technique for determinations of chlorinity by titration, also determined 
the density of sea water at with a high degree of accuracy, using 
pycnometers. From these determinations the following relation between 
ffo and chlorinity was derived; 

- --0.069 + 1.4708 Cl - 0.001570 Cl^ -f- 0.0000398 CP. 

Corresponding valu&s of <ro, chlorinity, and salinity are given in Knudsen’s 
Hydrographical Tables for each 0.01 ®/«o Ci 

In order to find the density of sea water at other temperatures and 
pressures, the effects of thermal expansion and compressibility on the 
density mu%t be known. The coefficient of thermal expansion has 
een determined in the laboratory under atmospheric pressure, and 
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according to these determinations the density under atmc^pheric pressure 
and at temperature can be written in the form 

cr£ <ro — jD. 

Tlie quantity D is expressed as a complicated function of ero and tern- 
perature, and is tabulated in Knudsen's Hydrographical Tables. Since 
the values of <ft are widely used in dynamical oceanography, tables for 
computing directly from temperature and salinity have been prepared 
by McEwen (1929) and Matthews (1932). A special slide rule for the 
same purpose has been devised by Sund (1929). Knudsen's tables also 
contain a tabulation of /) as a function of o-t and temperature, by means 
of which <ro can be found if at is known (<7o = <t, + D). This table is 
useful for obtaining the salinity of a water sample the density of which 
has been directly determined at some known temperature (p, 53). 

The effect on the density of the compressibility of sea water of 
differemt salinities and at different temperatures and pressures was 
examined by Ekman (1908), who established a complicated empirical 
formula for the mean compressibility between pressures 0 and p decibars 
(quoted in V. Bjerknes and Sandstrom, 1910). From this formula, 
correction terms have been computed which, added to the value of <ri, 
give the corresponding value cr, for any value of pressure. 

Computation of Density and Specific Volume in Situ. Tables 
from which the density in situ, could be obtained directly from the 
temperature, salinity, and pressure with sufficiently tlose intervals in 
the three variables w^ould fill many large volumes, but by means of 
various artifices convenient tables have been prepared. Following the 
procedure of Bjerknes and Sandsti dm (1910), one can wTite 

~ cv, 0 0 + d" 4- 4’ €r 4- U p 4- td.p 4* 

The first four terms can t>e expressed Ir. at, which can readily be 
determined by the methoiis outlined above, and the remaining terms 
represent the effects of the compressibility. When dealing with density 
it is desirable, for reasons that will be explained later (p. 402), to introduce 
the dynamic depth, D, as the independent variable instead of the pressure, 
p, and to write 

/> — ! 4- 4" 4 i *4.0 4* 

The € terms in this equation have been tabulated by Bjerknes and 
SandstrOm (1910) and by Hesselberg and Sverdrup (1914). 

Instead of the density, p* its reciprocal value, the specific volume 
in situ, is generally used in dynamic oceanography. In order to 
avoid writing a large number of decimals, the specific volume is commonly 
expressed as an anomaly, 5, defined in the following way: 
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wbei^ ^tfr.e.p is the specific volutne of water of salinity 36 V oo> Rt 0 C, and 
at pressure p in decibars. The anomaly depends on the temperature, 
salinity, and pressure, and hence can be expressed as 

5 ss 5, + 6^ -h 5*,# + Bt.p “I" 


It should be observed that the anomaly, by definition, does not contain 
a term dp, which would represent the effect of pressure at temperature 0® 
and salinity 35 Voo. The reason for this is exp^int^d on page 409. Of 
the above terms the last one, dt.a.p, is so smalPthat it can always be 
neglected. Thus, five terms are needed for obtaining 5, and these were 
tabulated by Bjerknes and Sandstrom. If (Ti has already been computed, 
the terras that are independent of pressure can be combined as Atj 
(Sverdrup, 1933). 

The value of A..^ = 5, + + 5, ,> is easily obtained from because 




1 


= 1 - 




and 

Hence 


pt.rf.o I + 

= ajs.o.o + “ 0.97264 4" A,.^. 

10-V^ 


Thus, in practice. 


4.., . 0.02736 - , ^ 

S = ^t,e + it.p + i*.p- 


The values for these three terms are given in the appendix in small 
tables from which one can obtain the specific volume anomaly in aitu of 
any water sample when its temperature, salinity, <rt, and the pressure 
are known. In these tables the terms are entered with one extra decimal 
place in order to avoid any accumulation of errors due to rounding-off 
of figures, and also in order to facilitate preparation of exact graphs that 
may be used instead of the tabulation, or for the preparation of tables in 
which the arguments are entered at such elo^ intervals that interpolation 
becomes easy or unnecessary. 

The procedure that is followed in calculating the density or specific 
volume in situ can be summarized as follows. For a ^ven water sample 
Uie temperature, salinity, and depth at which it was collected must be 
known. For reasons stated elsewhere it can be assumed that the numeri- 
cal value of the pressure in decibars is the sune as that of the depth in 
metm. From the temperature and salinity the vdue is obtained 
from Knudsen’s Tables or from graphs or tables prepared from Uiis 
source (McEwen, 1929; Matthews, 1^2). With the vahiee vt, 
temperature, salinity, and pressure the specific volume anomaly is 
computed bjt means of the tables given in the appendix. If the absolute 
value oi the spedfic volume is required, the anomaly must be added to 
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the appropriate value anxp gt^en in the app^odix. In this taUe axe 
given the spectfio volume of tvater of 35 Vot and 0° at various pressures 
in decibars. The absolute density in ntu can then be obtained as the 
reciprocal the specific volume. 

Another set of tables for computing the specific volume in aitu has 
been prepared by Matthews (1938), who, in our notations, defines the 
anomaly as =* <<«,«.» — Thus, he refers the anomalies to 

water of salinity 34.85 Voo, for which = 28.00. The difference, 
a — 5' s= ai4.Rf,o.)> — an.o.p, depends upon the pressure: 

Preasure, decibars 0 2000 4000 6000 8000 10,000 

(5 - S') X 10* 12.0 11.5 11.1 10.7 10.4 10.1 

Before comparing numerical values of the specific volume anomalies 
published in different reports, it is necessary to know on what tables 
the reported values are based. 

Use of Knudsen’s Hydrographical Tables. A certain point 
concerning the use of Knudsen’s Hydrographical Tables should be kept 
in mind. Although they have been shown to hold very well over the 
normal range of the concentration of sea water, they are not necessarily 
valid for highly diluted or concentrated sea water. The tables are based 
on the careful examination of a series of samples collected from various 
regions. The dilute samples used were taken in the Baltic Sea, where 
dilution sometimes reduces the chlorinity to about 1 V«o, and where the 
river water that is mainly responsible for the dilution contains relatively 
large quantities of dissolved solids. This is shown by the fact that the 
equation relating salinity to chlorinity shows a salinity of 0.03 Vo« for 
zero chlorinity, and according 1.- Lyman and Fleming (1940) the total 
dissolved solids corresponding to this figure are probably of the order of 
0.07 **/ DO. Thus, empirically, the salinity of sea water can be expressed 
by an equation of the type 

S = a + 6 Cl, 

where the numerical value of a depends upon the composition of the 
diluted samples used for establishing the relation. If 1 kg of water of 
high salinity, S, is diluted by adding n kilograms of duHlled water, the 
salinity of the dilution will be Sj> = S/(ji -h 1), and the chlorini^ of 
the diluted sample will be Cl/(n + 1). According to Knudsaa’s Tables 
this sample, however, has a salinity Si = a + 5 C1 /(b + 1). The 
difference between this and the true salinity is S#r — So - aln/(n + 1)1, 
meaning that, if after dilution the chlorinity were determined by titration 
and the salinity were taken from Knudsen’s Tables, it would be too higb. 
Knudsen’s Tables would therefore also give too great a density. As an 
example, let us assume that 1 kg of nrater of salinity 35 V oo and chlorinity 
19.375 Vm is diluted by adding 9 kg qf distilled water, reducing the 
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to 1.938 Vm- Kaudsen’s Tables give for this ohliwinity a 
MSaity of 8.63 V«oi whereas the “true” salinity would be 3.60Vm. 
Similarly, Knudsen’s Tables would give a »o equal to 2.78, whereas the 
true value should be 2.76. At low concentratioii, chlorinities oomputed 
ftmu diiect density determinations, and vice versa, may thwefore be in 
onor. For example, “chlorinities” of sea ice computed from dmiaity 
measurements made on the melt water were consistently smaller than 
those determined by titration (p. 219), and in';^thi8 case the diluting 
water was essentially distilled water. The restricted application of the 
ChSrdensity relations to highly diluted water occurring naturally or 
prepared in the laboratory should always be kept in mind. 

Thermal Properties of Sea Water 

Tbebmal Expansion. The coefficient of thermal expansion, e, 
defined by e « is obtained, at atmospheric pres- 

sure, from the terms for D in Knudsen’s Hydrographical Tables, and at 
higher pressures from Ekman’s tables or formulae (p. 57). The coef- 


Tabus 9 

<X)EPP1CIENT OF THERMAL EXPANSION OF SEA WATER AT 
DIFFERENT TEMPERATURES, SALINITIES, AND PRESSURES (e 10») 


Pressure 

(decibars) 

Salinity 

1 Temperature (®C) 

-2 

0 

1 

\ 

i 5 

10 

15 

90 

25 

30 

i 

0 j 

1 

0 

-105 

- 67 

17 

88 

m 


257 

303 

] 

10 

- 66 

- 30 

46 

112 

will 

222 


315 


20 

- 27 

4 

75 

135 

19 

237 

282 

324 


30 

7 

36 


157 

^3 

wm 

mm 

mm 


33 

23 

1 

51 

114 

167 

214 

257 

297 i 

334 


35 



167 

202 

241 

278 1 




40 

04 

! 118 

168 


243 j 

1 





35 

132 

152 

196 

233 






40 

144 

162 








34.85 

■9 

194 

I 230 






S,000 

34.85 


231 

I 246 






10,000 

34.85 

H 

276 

2S7 







ficient for sea water is greater than that for pure water and inereasss tntii 
inoreasing pressure. A few numerical values are given in table 9, in 
which n^^ative values indicate contraction with incteamng temperature. 

TanucAL^CoNPucnviTY. In water in which the tempereture yaiies 
in space, heat is conducted from regions of lugher to regions of lower 



















PHYSICAL PRdPmS OP SCA WAYBt 


<1 


temperature. The amount of Iwat in gram ealoriee pa eeemid edikb k 
conducted through a surface of area 1 cm* k jnoportional to tlie ^^aage 
in temperature per centimeter along a line normal to titat suifaee, and 
the coefficient of proportionidity, y, ia called the coeffidmit of ihmmal 
conductivity (dQ/dt •• —yd^/dn). For pure water at 15*C the co^- 
fieient k equid to 1.39 X 10~*. The coefficient k somewhat amatter lor 
sea water and increases with increasing temperature and pressure. Thk 
coefficient k viffid, however, only if the water k at rest or in 
motion (p. 89), but in the oceans the water k neariy always in a state of 
turbulent motion in which the processes of heat transfer are comj^etdy 
altered. In these circumstances the above coefficient of heat conductivity 
must be replaced by an “eddy" coefficient which k many times larger 
and which depends so much upon the state of motion that effects of 
temperature and pressure can be dkregarded (p. 91). 

SPEcmc Heat. The sp^ific heat k the number of calories required 
to increase the temperature of 1 g of a substance I’C. Whmi studying 
liquids, the specific heat at constant pressure, c„ k the property usually 
measured, but in certain problems the specific heat at constant volume, 

must be known. 

The specific heat of sea water of different chlorinities was investigated 
by Thoulet and Chevallier, whose results have been recalculated and 
presented in different ways. Kriimmel (1907) gives the following values 
for the specific heat at 17.5°C and atmospheric pressure: 

S (Vm) 0 5 10 15 20 25 30 36 40 

r, (cala/g). t.OOO 0.082 0.908 0.958 0.951 0 045 0.^9 0.932 0.026 

Kuwahara (1939) gives an empirical equation for the specific heat at 
0°C and atmospheric pressure: 

Cp « 1.005 - 0.004136 S + 0.0001098 S* - 0.000001324 S*. 

It will be noted that the specific heat decreases with increasing 
salinity, but it has been pointed out by Krlimmel that the effect k 
somewhat larger than might be expected from the composition qf the 
solution, and the problem merits reinvestigation. The effects of tempera- 
ture and pressure have not been measured, but it has been assumed that 
they are the same as those for pure water. Ekman (1914) pves tim 
following values showing the effect of temperature on the specific heat 
water of 8 » 34.85 Vm At atmospheric pressure: 

SCO -2 0 8 10 16 90 

Cp 0.943 0.941 0.988 0.9S5 0.988 0.983 

The effect of pressure on the spedfic heat has beoi computed by 
Ekman (1914) from the equation 
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where p is the pressure in dedbsrs, T is the absolute temperature, 
p the density, J the mechanicfd equivalent heat, and e the ooeffieient 
of thermal expansion. The combined effect of temperature and pressure 
is shown in table 10, where Cp,o is the specific heat at atmospheric pressure 


Table 10 

DIFFERENCE BETWEEN SPECIFIC HEAT AT ATMOSPHERIC PRESSURE 
AND AT PRESSURE p, (c,.. - c,,p) 

(Salinity 34.85 */m at indicated temperature) 


iiTC) 

- . ■ - - ■ 

p (decibars) 

2000 

4000 

! 

1 

> 6000 

8000 

10,000 

- 2 

0.0171 

0.0316 

0.0435 



0 

0.0159 


0.0401 



5 

0.0136 

0 024» 

0.0340 


0.0479 

10 

0,0120 


1 



15 

■tmiuM 

■SmiSS W 

[ 



20 

0 0105 j 

I 






of water of salinity 34.85 The specific heat at constant v^ume, 
which is somewhat less than Cp, may be computed from the following 
equation: 



where K is the true compressibility (p. 08) and where the other symbols 
are defined above. According to Matthews (1923), the ratio of c,,;c, for 
water of S = 34.85 V*# at atmospheric pressure increases from 1.0004 at 
0® to 1.0207 at 30®. The effect of pressure is appreciable; for the same 
water at 0®, the ratio is 1.0(K)9 at 1000 decibars, and 1.0126 at 10,000 
decibars. This ratio is important in the study of the velocity of .sound 
(p. 76). 


I^ATB.vT Heat or Evapokatiox. The latent beat of evaporation of 
pure water is defined as the amount of heat in gram calories needed for 
evaporating 1 g of water, or as the amount of heat needed for producing 
I ^ of watet vapoT msi/t tatJbfe 

lorm is tVie ^f»Finitiorj ai>f^tr:nyie to seH 
*'VAt:9€>r^txon of hojis nrjl ht,*&a examine Va* 


i * 696 - O.SQj^ 


can be used. 
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Adiabatic TncpBRATV&a Chamobb. Wlien « fluid is compr eBBe d ; 
without gain or kBB ol heat to tb« aunroundings, work ia porfonned on 
the system and there is a rise in temperature. Conversely, if expanahm 
takes place, the liquid itself gives up energy, which is reflected in a drop 
in temperature. Such adtabatic temperature changes are well known and 
important in the atmosphere. Sea water is compressible, and the effects 
of adiabatic processes, although small, must be taken into account udmn 
studying the vertical distribution of temperature in the great d^ths (rf 
the oceans and in deep isolated basins where the adiabatic heating may 

Tabu 11 

ADIABATIC TEMPERATURE GRADIENT IN THE SEA, IN 'C PER 1000 M 

AT SALINITY 34.85 Vh 


Temperature (“C) 


(m) 

-2 

0 

2 

4 

. . . 

6 

S 

10 

15 

20 

0. 

0.016 



0.078 


0 103 

0.118 

0.155 

0.190 






0.103 

0.118 

0.132 

0.166 

0.199 





0.104 

0.118 

0,132 

0.146 

0.177 

0.207 



0 091 




0.146 

0.159 

0.188 




0.108 


0.135 


0.159 

i 

0.170 

0.197 




0.124 

0.137 

0.149 


t 



1 





0.163 








0.155 

0.165 

0.176 






IfKwl 


0.169 


0,187 






IJE^ 


0.182 

0 191 

0.198 






10,000. 



0 202 








lead to a temperature increase toward the bottom (for example, p. 739). 
Adiabatic cooling is of immediate practical concern when water samples 
are taken with thermally insulated water bottles and the temperature of 
the water sample is determined after it has been raised to the surface 
(p. 355). 

Any adiabatic effect is related to changes in pressure, but in the sea 
the pressure can be considered proportional to the depth, and adiabatic 
tempetatuse changieis can Vie ^ven as changes pet unit of dep^ instead 
of per unit of pressure. According to Lord Kelvin, the change in temper* 
ature for each cojtimeter of vertical displacem^t ia 

whwB T is nheolute tempwtature and p is rtie , 

and irfieie tim otitor iv^mbds have their pimdomi meai^. TWa^fthAffO 
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is csrtranely small, and for practical purposes the adiabatic tsmpendiore 
diaoipe o& a vntical distance of 1000 m, called the adtobotic tenpertxiutc 
ftodittUf is used instead. It should be observed that the adiabatic 
temperature gradient depends mainly upon the coefficient of thermal 
expansion, «, which varies much more with temperature and pressure 
the other quantities involved. Ekman (1914) has computed the 
adiabatic temperature gradient for different temperatures, salinities, and 
depths, and some of his values are shown in table 11. 

The temperature that a water sample wotffd attain if raised adia- 
batically to the sea surface has been called the potential temperature 
(Helland-Hansen, 1912b) and has been designated 6. Thus, e * — 

Ad, where d* is the temperature tn situ and Ad is the amount by which the 
temperature would decrease adiabatically if the sample were raised to 
the surface. The potential temperature can be obtained from a table of 
the adiabatic gradients by step-wise computations. Such computations 
are long and tedious, but Helland-Hattsen (1930) has prepared a con- 
venient table for Ad which has been reproduced in table 12. The table 

Tabls 12 

ADIABATIC COOLING (IN 0.01'C) WHEN SEA WATER - 28 0. 

8 - 84.86 */*♦) WHICH HAS A TEMPERATURE OF AT THE 
DEPTH OF m METERS IS RAISED FROM THAT DEPTIF 
TO THE SURFACE 


femperature, Om (*C) 


fm) 















-2 

-1 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1,000 

3.e 

3 5 

4 4 

5 3 

6 2 

7.0 

7 8 

8 6 

9 5 

10 2 

11 0 

11 7 

12 4 

2,000 

7.2 

8 9 

10 7 

12.4 

14 1 

15 7 

17.2 

18 8 

20 4 

21.9 

23 3 

24 8 

26 2 

3,000 

13.6 

16.1 

18 7 

21.2 

23 6 

25 9 

28 2 

30 6 

92 7 

34 9 

37.1 

39 2 

41 2 

4,000 

21.7 

23.0 

28 4 

31 6 

34 7 

37 7 

40 6 

43 5 

46.3 

49 1 

51 9 

54 6 

57 2 

5,000. 

31 5 

35 5 

39 6 

43.4 

47,2 

50 0 

1 

54.41 




1 

1 


e,ooo 

42.6 

47 5 

52 2 

56.7 

61.1 

65 3 

69 4 




' j 

1 


7,000 



66 2 

71 3 

70,2 

80 9 

85 5 


’ j 



1 


8,000 


1 

81 6 

87.1 

92.5 

97.7 

102 7j 

t 



^ 1 

1 1 

1 

9,000. 


! i 

1 

98 I 

104 1 

109.9 

115.6 

121 ,01 

i 

' i 

' i 

t 

1 

1 ! 

i 

10,000. 

1 

i 

1 

1 ; 

|ll5 7 

f 

122.1 

1 

128.3 

1 

134 4 

i 

140 2 ! 

} 

i 

i 

i 

I 

1 

1 

j 

i 

i 

1 I 

1 

i 

[ 

[ 


is based on a salinity of 34,86 */ m (vt « 2^.0) and is applicable in g)sneral 
to the deq> ocean areas, because in these the salinity does not differ much 
from 34.86 */ «« and because the effect of salinity on the adiabatic processes 
is smaQ. It may be seen that if water of 2*C is raised from 

8000 m to the surface, Ad » 0.925°, and therefore the potentiai tempera- 
ture of that water ia 1.076*. The adiabaUc of water of different 
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aalimties ttuit faay occur uecr the eurfece and in the MeditemuMaa 8ea 
is given in taUes 13 and 14. 

Griligoflve and Olher PfopertiM of Sea Water 
CoixioATxvii Psongmraxa. The cdli^tive propertiee— namdy, 
vapor-preesure lowering, freesh%«point depression, tx^ng-fXHnt^^vaticUi, 
and osmotic ine88ure--are unique properties of sdutions. It tb» 

Tabu IS 

ADIABATIC OOOliINQ ON 0.01*C) WHEN WATER OF THE INDICAI^D 
TEMPERATURE AND SALINITY IS RAISED FROM 1000 M 
TO THE SURFACE 


Tempmtiue, S. ("C) 


(•/..) 

0 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

22 

30 0 

3.5 

5,3 

7.0 

8.7 

10.3 

11.8 

13.2 

14.7 

16.1 

17.6 

18.9 

20.3 

32.0 

3 9 

6.7 

7.3 

9.0 

10.6 

12.1 

13.5 

15.0 

16.4 

17.8 

19.1 

20.5 

34.0 

4.3 

6.0 

7.7 

9.4 

10.9 

12.4 

13 8 

15.3 

16.6 

18.(^ 

19.3 

20.7 

36.0. 1 

4 7 

6.4 

8.1 

9.7 

11.2 

12.7 

14.1 

15.5 

16.9 

18.^ 

19.6 

20.9 

38.0. i 

1 

; 5.1 

t 

6.8 

8.4 i 

10.0 

11.6 

13.0 

14.4 

15.8 

17.2 

18.6 

19.8 

21.1 


Tabu 14 

ADIABATIC COOLING aN 0.01*C) WHEN SEA WATER (r. - 31.0, 
S - 8AS7 Vm) WHICH HAS A TEMPERATURE OF S, AT THE 
DEPTH OF m METERS IS RAISED FROM THAT DEPTH TO 
THE SURFACE (APPLICABLE TO THE MEDITERRANEAN 

SEA) 


Depth 

(m) 

Temperatture, ifm 

CC) 

12 

13 

14 

1000 

14.4 

15.1 

13.8 

2000 

30.0 

31.4 

33.7 

3000 

46.6 j 

48.6 

60.6 


64.2 

66.7 

60 2 






magnitude of any one of them is known for a solution under a given set 
of conditions, the others may readily be computed. Solutions of the 
complexity axid concentration of sea water not obey the generahaed 
theories of the colligative propwtiee, but in all cases the departures from 
the theoretical wdues we proportiimaL 

Only the dCfRession of tiie freesing point for sea water of <^«ent 
chlorinities has b e en ^tetenninod ej^peiimentally (Knudwn, 19Q3i Miya]te> 
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1939a), and emi^cal equations for computing the vapoi^prassure lowering 
and oemotic pressure have been based on thew observations. Thompson 
(1932) has shown that the depressioiis of the freesing point, 66/, may be 
calculated from the chlorinity by means of the equation 

66/ = -0.0966 a - 0.0000052 Cl*. 

The values of 66/ for various chlorinities are shown in 6g. 13. The 
freezing point of sea water is the "initial'’ freezing point; namely, the 





Fig. 13. OsmoUn preaswre, vjipor pre»tur« 
relative to that of pure water, freezing point, 
and temperature of manmum denaiiy as func- 
tione of chlorinity and salinity. 

temperature at which an infinitely small amount of ice is in equilibrium 
♦t? ® solution. As soon as any ice has formed, the concentration of 

tne diMolved solids increases, and hence the formation of additional iM 
can take place only at a lower temperature (p. 216), 

watl?® TT' »» water of any chlorinity referred to distilled 
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sr 


- 1 - 0.000969 Cl, 

e» 


where e is the vapor pressure of the sample and So Umt of dialled water 
at the same temperature (fig. 13). Sea water within the normal range 
of concentration has a vapor pressure about 98 per cent of that of pure 
water at the same temperature, and in most cases it is not necessary to 
consider the effect of salinity, since variations in the temperature ot the 
surface waters have a much greater effect upon the vapor pressure 
(table 29, p. 116). 

The osmotic pressure can be calculated from the freenng-point 
depression by means of the equation derived by Stenius (Thompson, 
1932): 

OP, « - 12.08 


The osmotic pressure at any temperature may then be computed: 


OP, 


OP, X 


273 + d 
273 


The variations in osmotic pressure over the range in chlorinity from 5 ®/co 
to 22 */o« are shown in fig. 13. 

It will be noted that the freezing-point depression and, therefore, the 
other colligative properties are not linear functions of the chlorinity, 
Ijecause chlorinity is reported as grams per kilogram of sea water and not 
as grams per kilogram of solvent water, in which case a hnear relationship 
should 1)6 expected. In agreement with this expectation, Lyman and 
Fleming (1940) found that the freezing-point depression could be written 
in the form 

= -0.05241 Z, 

where Z is the total salt content per kilogram of solvent water. 

The magnitude of the colligative properties depends upon the concen- 
tration of ions in the solution and upon their activity. According to 
present concepts the major constituents of sea water exist as ions whow 
concentrations may be computed from data in table 35 (p. 173). Within 
the normal range of sea water the gram-ioidc concentration "per kilognm 
of solvent water may be obtained from the fcUowing expression: 

I » 0.03183 Z. 

The grgm-ionic concentration for water of lO®/™ C3 is 1.1368, The 
gram-molecular lowering of the freezing point is — 1.86*. Therefore, Uie 
“theoretical" value for the depression of the freezing point of water of 
chlorinity 19 •/6« should be -1.86 X 1 1368 » - 2 . 11 *, but the observed 
value for water of the same chlorinity is - 1.872“. The.ratio brtween 
the actual and the theoretical value. 0.89, ‘ is a measure of the reduced 
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•ctivi <7 of tibe ions in sea water of normal concentrations, and, as. men- 
ticmed above, the other coUigative properties bear the same rdiation to 
the theoretical values. 

MjumiuH Dsnmtt. Pure water has its maximum d^osity at a 
tonperature of very nearly 4®, but for sea water the temperature of 
mftiriniiim density decreases with increasing salinity, and at salinities 
greater than 24.70 ®/os is below the freezing point. At a salinity of 
24.70 Vo«> tbe temperature of maximum density coincides with the 
freezing point: d/ = —1.332®. Consequently, ^he density of sea water 
of salinity greater than 24.70 ®/m increases continuous!}' when such water 


TABLE I.** 

MEAN COMPRESSIBILITY' OF SEA WATER OF SALINITY 
34.85 •/«», (Jfc X 10*) 
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surfaee of ares 1 cm* ki proporUonai to the change of vdocity pc 9 r cmitt- 
meter along a line normal to that surface (r« » n dv/dn). The eoeSieient 
d proportionality (/i) is called the dynamic vieeotity. This eoeflident 
decreases rapidly with increasing temperature and inereeses dowly 
with increadng salinity (table 16, after Dorsey, 1940). With increadng 
pressure the coefficient for pure water decreases at low temperatare but 
increases at high temperature (Dorsey, 1940) If the same holds true 
for sea water, and if the effect is of similar magnitude, the viscosity of 
water of salinity 36 Voo and temperature 0“ is 18.3 X 10-* c.g.8. units at a 
pressure of 10,000 decibars, as against 18.9 X 10“* at atmospheric 
pressure. The difference is insignificant, and the effect of pressure on the 
viscosity can be disregarded in the oceans. 


Tabus 16 


VISCOSITY OP PURE WATER AND OF SEA WATER AT ATMOSPHERIC 
PRESSURE (ji y 10‘ C G S. UNITS) 

(After Doreey) 


Temperature (“C) 


Salinity 

(•/«) 


0 

\ 

1 

17 

15 2 

10 

1 

18 2 1 

15 5 

20 

1 

18 3 • 

15 8 

30 


18 8 > 

16 0 

35 


18 9 ‘ 

16 i 


10 

16 ’ 

1 

20 

25 

30 

13 1 

j 

1 ) 4 

10 1 

8 9 

8 0 

13 4 

11 7 j 

10 3 

1 9 1 

8 2 

13 6 

1 n 9 

10 5 

< 9 3 

8 4 

13 8 

1 12 1 

10 7 

I 9 5 

8 6 

13 9 

12 2 i 

10 9 

9 6 

8 7 


) 


The viscosity that has been discussed so far is valid only if the motion 
is laminar, but, as stated above, turbulent motion prevails in the sea, 
and an “eddy” coefficient must be introduced which is many times 
larger (p. 91). 

Diffusion In a solution in which the concentration of a dissolved 
substance varies in space, the amount of that substance which per second 
diffuses through a surface of area 1 cm* is proportional to the change 
in concentration per centimeter along a line nomtal to that surface 
{dM/dt » ~~tdc/dn). The coefficient of proportionality (I) is called 
the cocffietcnt of diffuvum; for water it is equal f o about 2 X I0~*, depend- 
ing upon the character the solute, and is nearly independent of temper- 
ature. Within the range of concentrations encountered in the sea the 
coefficieht is also nearly mdcpendent of the salinity. 

What was stated about the coefficient of thermid conductivity in the 
sea apiffies also to the coefficient of diffusion Where turbulent motion 
prevails, it is necessary to introduce an “eddy” coefficient that is many 
^^cs lai^r and that is mainly dependent w the state of motion. 
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ScRFACB Tension. The surface tension of sen water, is slightly 
greater than that of pure water at the same temperature. KrOncunel 
(1907) carried out experimental observations from which he derived an 
empirical equation relating the surface tension to the temperature and 
salt content. This equation was revised by Fleming and Revoile (1^9) 
to take into account the more recent values for pure water. The revised 
expression has the form 

Surface tension (dyne/cm*) =® 76.64 — ^144d + 0.0399 Cl. 

The surface tension is decreased by impurities, and in the sea is mostly 
smaller than stated. 

Refractive Index. The refractive index increases with increasing 
salinity and decreasing temperature. The problem of determining the 
relationship between these variables, and the types of equipment to be 
used, has been discussed by a number of authors (for example, Utterback, 
Thompson, and Thomas, 1934; Bein, Hirsekorn, and Mdller, 1935; 
Miyake, 1939). Since the index varies with the wave length of light, a 
.standard must be selected, usually' the D line of sodium. 

Utterback, Thompson, and Thomas determined at a number of 
temperatures the refractive index of ocean-w'ater samples that j^ad been 
diluted with distilled water. They found that the refractive index could 
be represented by expressions of the following type: 

ft# = + kf Cl, 

where nj is the refractive index of the sea-water sample at the temperature 
no.a is that of distilled water at the same temperature, and is a 
constant appropriate for that temperature. This equation gives a 
straight-line relationship between the refractive index and the chlo- 
rinity, but it should be remembered that it is valid for ocean water 
diluted with distilled water and that at low cblorinities the diluted water 
does not correspond to sea water of the same low chlorinity, according to 
Knudsen’s Hydrographical Tables. In fig. 14 the relationships between 
n, d, and Cl determined by Utterback, Thompson, and Thomas are 
shown. Miyake (1939b) determined the refractive index for the sodium 
D line at 25® (no.w) for oceanic water samples that were diluted in the 
laboratory. He represented his results by the same type of equation, but 
obtained numerical constants that differ slightly from those o| the authors 
mentioned above. 


n„.». - 1.332497 + 0.000334 a (Miyake), 

no.n> = 1.83250 + 0.000328 Q (H., T., and T.). 

Miyake found that the refractive index of sea water could be expressed as 
« 

n • n* -I- 2 (b - n*), 
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where n« ie Uie refractive index of distilled water and v is the ntfraetive 
index of solutions of sin|^ salts having concentrations comparable 
to those in which tiiese salts occur in the sea water. It is known tiiat 
individual ions have characteristic ionic refractions. In sea water the 
salts are completely ionized, and, as the molar refractions are known 
for each ion, Miyake was able to compute the refiactive index with a 
fair degree of accuracy. 


Blectrical CoNDOCTivrrv. Thomas, Thompson, and Utterback 
(1934), and Bein, Itirsckorn, and Mbller (1935) have studied conductivity 


as a function of chlorinity and 
temperature and have ^ven tables 
for the specific conductance in 
reciprocal ohms per cubic centi- 
meter for a wide range in 
conditions. 

The results of the investiga- 
tions of Thomas, Thompson, and 
Utterback are expressed at 
temperatures of 0, .% 10, 15, 20, 
and 25”. Their results are shown 
graphically in fig. 15. The valuc.s 
for the low chlorinities were 
obtained by diluting ocean water 
with distilled water, and hence the 
density and other properties will 
not correspond exactly to those of 



CHLORINITY 

Figi. 14. Hfjfractive i’ldcx of sea water 
as a function of temperature and chlorinity. 


water of the same chlorinity, as rcj, esented in Knud.«en's Hydrographical 


Tables. 


Properties of Sea k e 

The processes of freezing and the chemical properties of ice, formed 
from sea water in high latitudes are discu-ssed elsewhere. The physical 
properties of sea ice, like those of the water, depend upon the salt. con- 
tent, which in turn is a function of the rate of freezing, age. thermal 
history, and so forth. The salts in sea ice (p. 217) do not differ greatly 
in composition from those in the water, as tl‘« v are generally present in 
brine that is enclosed in small cells. Therefore, within practiral limits, 
the terms chlorinity and salinity of sea ice have the same meaning as 
for the water, although the salts are not uniformly distributed in the ice. 

The freezing point of sea water, as wa^ pointed out previously, 
represents the initial freezing point at which ice is in equilibrium with 
sea water of the indicated chlorinity . If the ice and sea water are in a 
closed system, as when brine is enclosed in cells in the jee, a further 
rednctiwi of temperature is necessary to cai|8e additional ice to separate. 
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Obsenmtitma by Ringer (p. 217) miU» it posdble to find the salt oo&tMit 
of the brine that will be in equilibrium with ice at different temperatures 
(fig. ISA). The salt content used in this case is the total amount present, 
idthough at low temperatures certain salts crystallise out. The reason 

for giving the data in this way is 
that analyses for the chlorinity or 
salinity of the ice do not discriminate 
between th|^t existing in solution or 
as crystals. Given the salt content 
of the brine that will be in equilib- 
rium with the ice at any tempera- 
ture, it is possible to calculate the 
amount of enclosed brine per 
kilogram of ice of unit salinity at 
any temperature. The amount of 
brine in any sample of ice at a given 
temperature can be obtained by 

Fig. 15. Specific conductance, re- multiplying the value at that 
diHocai ohnu/cm', of sea water aea^ ^ i. 

function of temperature and chlorinity. temperature, shown by the curve in 

fig- 16B, by the salinity of the 
ice. Thus, sea ice of salinity 10 ®/oo at — 3®C is essentially a* mush 
containing 200 g of brine per kilogram. From the data in fig. 16 it is 
also possible to compute the amount of ice that is formed or melted 
when ice of a known salinity is cooled or heated. 



Another variable which markedly 
affects certain physical properties of 
sea ice is the gas content. The gases 
normally occur as small “bubbles" in 
the ice, and the quantity is generally 
large in ice that has frozen rapidly, in 
which case bubbles represent gases 
originally in solution in the water, or 
in old ice that has undergone pu'tial 
thawing and been refrozen, in which 
case atmospheric air is trapped in the 
ice. 

In the following discussion the 
numerical values relating to the 
properties of sea ice are quoted from 



Fig. 16. (A) Salt eontent of die 
eneloaed brine in equilibrium with sea 
ice at different temperatures. (B) 
Anmnt of briae in 1 kg of sea iee of 
•alinity 1 Vm at different tnnpamtares. 


the work of Malmgren (1927), unless otberwmooted. Tfaecomesponding 
values for pure ice represent physical constants for gas- and salfc-frae ice, 
and are taken from Barnes (1928). 

^ ® * density of 0.91676, whereas pure water al the 

same temperature has a density of 0.9998674. The density ate iee 
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varies both above Mtd below thst of pure ice, depending upon its eeat^t 
of water or brine and the gas content. Maimgren r^rts a range 
between 0.857, in old surface ice, and 0.92. 

The specific heat of pure ice depends upon its temperature and vauries 
within narrow limits, but that of sea ice is a much more variable property, 
depending upon the salt or brine content and the temperature. Chang* 
ing the temperature of sea ice will generally involve either melting or 
freesing, and the amount of heat required will depend upon Uie salinity 
of the ice, as shown in table 17. It should be noted that the specific 
heat of pure ice is less than half that of pure water. Near the initial 

Table 17 

SPB^CTFIC HEAT OF SEA ICE 
(From MBlmgren) 


0 

2 

4 

6 

8 

10 

15 


Temperature (°C) 


00 





! 

' 

i 


! 

-16"; 

1 




-2“ 


4“ i 

\ 

-6^ 

-n 

1 

-10**; 

1 

-12**! 

-14"; 

i 

K 

-20" 

-22" 



0 

48! 

0.48 

0 48 

0 481 

0 47 

0.47 

0.47 

M 

m 

0.46 


2 47 

1 

m\ 

0.73! 0.631 

0.57 

0.56 

0 54 

0.53 


iM 



4 63 

! 1. 


0.96 

0.761 

u 64! 

0.59 

0.67 



0.65 

0.64 


6 70 

i * 

99i 

1,20 

0.88 

1 

0 64 

0.61 


0.58 

0.57 

0.66 


8 76 

! 2 

49i 

1 43 

l.Ol 

1 0.781 

0.68 

0.64 

0.64 

0.61 


0.5S 


.10-83 

1 2 

99! 

1.66 

1.14 

1 0 85 

0.73 

0.6S 




0.60 


|16 01 

h 

> 

24i 

2 24 

1.46 

1 1.02} 
i 1 

0.86 

0.77 

1 0.76 

1 0,71 

BE 

0.65 


freesing point, the extremely high specific heat of ice of high salinity is, 
of course, due to the formation of ice from the enclosed brine or its 
melting. 

The latent heat of fusion of pure ice at O^C and at atmosphmc 
pressure is 79.67 calories per gram. As the melting of sea ice does not 
occur at a fixed temperature on account of the presence of the salts, it 
is impossible to designate the latent heat in the usual way. Malmgren 
gives the heat required to melt 1 g of ice of given salinity that was 
initially at the indicated temperature (table 18). It may readily be seen 
that the presence of salts reduces the apparent latent heat. 

The vapor pressure of sea ice has not been in^’estigated, but it cannot 
depart very much from that of pure ice, which has the following values: 

0®, e » 6.11 mb -20", r » 1.04 mb 

- 10 *. e * 2.61 mb - 30 ", e » 0.39 mb 

The latent heat of evaporation of pure ice is variable. It has been 
found that under certain conditions the ice can volatilize directly to 
vapor wiUiout going through the liquid stai^, in which ease the btrat 
heat of evaporatioa » about 600 calories p5r gram- th« evspcffatwn 





PHYSICAL MtOPeKUBS OF SSA WAT« 


proceeds more slowly, 
per gram are required. 


the ice melts before vaporijring and 7W ealoriee 
The latter process seems to prevail in nature. 


TABIiB 18 

LATENT HEAT OF MELTING OF SEA ICE 
(From Malmgren) 


Salinity (•/•o) 


Temperature 



— 

— 

— 

- - 




(“C) 

0 

2 

4 

6 

8 

10 

15 



80 

' 72 1 

63 

55 

46 

37 

16 

-2 

81 

77 1 

I 

72 

68 

63 

i 59 

48 


For pure ice the coefficieut of thermal expansion (e) per one degree is 
about 1.7 X lO"'*, where c = (l/a)(da/dtf). The coefficient is inde- 
pendent of temperature. I'he thermal expansion of sea ice is a function 
of its temperature and salinity and shows a considerable range over both 
positive and negative values, as shown in table 19, where negative 
values indicate expansion on cooling, positive values contraction on 
cooling. This anomalous behavior is again related to the salt or brine 
content because any change in temperature leads to the formation or 
melting of a certain amount of ice. Thus, the processes in sea ice 
are a combination of the .sudden change in volume associated with tiie 
ice ^ water transformation and the thermal expansion of the brine and 
the ice. According to table 19, sea ice of high salinity expands rapidly 
as it is cooled below the initial freezing point. The coefficient decreases 
at lower temperatures but is always negative. On the otiier hand, ice 
of low salinity first expand.s and then contracts as its temperature is 
lowered. 

The coefficient of thermal conductivity of pure ice is about 0.00€5, 
which is approximately three times as great as that of pure water at 0“. 
Msdmgren carried out a number of measurements in the Arctic ice fields 
and found that the conductivity wna greatly affected by the character 
of the ice, particularly by the gas content (that is, the porosity) of the 
ice. Under natural conditions, porosity is greater near the surface 
than in the deeper portions of the ice. (.)n the average, the coefficient 
of thermal conductivity near the surface was about 1.6 X 10~*, At 
0.5 m it was 4.0 X 10**, and below 1.0 m it approached the value of 
pure ice pven above — namely, 5.0 X 10~*. 


Tromroission of Sound 

Water is a very efficient medium for the tranamission of sound, which 
travels more rapidly and with much less absorption of energy through 


TAIiliB 19 

THERMAL EXPANSION PER TC FOR SEA ICE (« X 10‘) 
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>d wvacAiL pRowamES of sea water 

water thtou^ air. Hiis charactoristic has made possible the 
development of submariiie acoustic methods that ue of tremendous 
value in navigation. The most familiar use is in echo sounding, where 
tile time required for an impulse to travel to the sea floor and back to the 
vessel is used as a measure of the depth. Horisontal sound transmission 
ui used in radio-acoustic range finding, which is employed by surveying 
vessels in order to determine their location accurately when carrying on 
sounding operations out of sight of land. The position of the vessel is 
determined by measuring the time intervals required for the impulse of a 
bomb explosion to travel to two or more submarine sound detectors 
(hydrophones) at known locations, usually near shore. Sound trans- 
mission from subsurface bells has also been ‘used as a navigation^ aid 
near lighthouses. Ultrasonic impulses (frequency above the range 
audible to the human ear) are largely directional, and many attempts 
have been made to develop instruments for locating icebergs and other 
navigational hasards in the path of a vessel. The practical aspects 
of this problem and the types of equipment used are too numerous to 
consider in this discussion, and reference is made to the Hydrographic 
Review (Monaco) as an excellent source of material on these problems. 

The velocity of sound in sea water is independent of the wa'^ length 
except for impulses resulting from the detonation of relatively large 
amounts of explosives. Initially the impulse from such explosions may 
travel about 30 per cent faster than normal, apparently because of the 
tremendoxis energy involved. 

The velocity of sound in a liquid may be computed from the elasticity 
and density; 

/elasticity 
* * \ density ’ 

but in practice it is more convenient to use the expression 



where 7 is the ratio of the specific heats, c^/c, (p. 62), p is the density, 
and K is the true compressibility. If p and K are in c.g. 8 . units, the 
velocity is in centimeters per second. The ratio y is introduced because 
the sound impulse is a wave of etnnpression and, hence, heats the water 
it passes throu(^. The three variables, 7 , and K, all change with 
temperature, salinity, and pressure, and therefore must be evaluated for 
any given set of conditions. For example, water of salinity 34.86 */« 
30“ has a ^nsity of 1.021637 at atmospheric pressure (p » 0), and for 
these contUtions 7 ** 1.0207 and IC « 4.196 X ld~". Hence, 

V * 1.643 X 10* cm/see ■» 1643 m/aec. 



nmicAi raoramis or ua wai» 


n 


1450 1300 

VCLOOTY, 


Fig. 17. Velocity of eound in {Hire 
water and in aea water at atmoepheric 
premre aa a function of temperature 
and aalinity. 


By meftiis of tbe obove fonnulft, maU^ taUes havo been inepand 
that give the vdodiy' df eound as a funetioa <rf tempcnatare, aalihiiy, 
and pressure. The first practical tables were those <rf W«M»ir end fiendee 

(1924) of the U. S. Coast and 

Geodetic Survey, but tiieee have ~~ ' 7 ' JJj 

been superseded by the British / //I 

Admirdty Tables prepared by / f/f 

Matthews (1927), which, although wsc / /// 

based on the same original data, jrf wates^/ fj/ 

are slighify more consistent. The I / /// 

variations in velodty as a function f / 

of temperature and salinity ate |,o_ / 

shown in fig. 17. The effect of / " 

pressure, and hence depth, is shown / /y/ ***** 

in fig. 18. This effect is almost / 
independent of the temperature and /y 

salinity, but the curve shown in the -rl- 1 

figure IS actuuly for salinity vclooty, ia/'Wc 

34.85 ®/ 00 and 0 C. This sal in ity is Fig. 17. Velocity of oound in jhik 

the standard reference salinity used water and in sea water at atmoiphwie 
in these tables, and corrections due • fanotion of temperature 

to salinity variations are pven in 

the form of anomalies to be added to or subtracted from the standard 
values. 

If the velocity of the sound is known, it is possible to determine the 

0[^^ r- ! , 10 wave length of sound of different 

frequencies from the equation 
N. 1*9-2000 ^ where X is the vrave 

2SOO \. length, V is tile velocity, and n 

I Sg 5 is the frequency (table 20). 

§ Si: '*000^ Frequencies between abont 25 

uisooo- §1* a and 10,000 vibrations per 

I \ ol-cooo* second are easily detected by 

^ \ |X I the human ear, and the 

\ 88 maximum sensitivity is at about 

\ -woo i0g|O per second. Ultiaaonic 
\ waves of frequmicies above 

1^5 ^ afeWstc audible to the human ear 

SI- i« vm * ^ ii. have certain deriraWe properties 

vrfo^y rf wSTto ies*!I2r thatmakethemvaluaWeinwib- 

34.85 Vft at 0*. marine acoustics, bu^ as will 

be shown later, UMir effective range is much lees because their absorption is 
greater. The effective range has betm increased by constructing sound 
emittem which fw small wave lengths give* a directional beam, scmevdiat 


moom/wc 


18. Effect of pnesofe upon the 
v^tty of aDUod in ees water talmity 
34.85 Vw at 0*. 
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‘ ^v but also to determine the direction to the body. 

“Tu'^^tean^rJf appreciable absorption and refraction the intensityof 
sound varies invereely as the square of the distance from the TOurce. 
Owing to the viscosity of the water, a certain amount of the kinetic 
energy of the sound waves is converted into heat| and hence there is an 
absorption of sound somewhat analogous to th^t of light. The problem 
of absorption of sound in sea water has been discii^sed by Langevin ( 1924). 
The sound intensity of a plane sound wave decreases exponentially 
from /o to /, by passage through a distance x. Therefore 


U = 


where v - 8tV/3XVi^ and corresponds to the absorption coefBcient for 
radiant energy. The distance d over which the intensity is reduced to 
l/c (approximately 3 3) is therefore 


d{vm) = 


KwV 


TABr.E 20 

WAVE LENGTHS IN AIR AM) WATER FOR SOUND OF DIFFERENT 

FREQUENCIES 


Frequency 

(n) 


; Air S«*a water S<‘h water 

’ t? - 20^ ; S » 34.S5 ;■ S - 34.85 Voo 

p - I atm « O'", p -» I aim | ^ « 20®, p 1 atm 

, V » 346 m/sec r *• J445 2 m /sec j v •• 1518.5 m/aec 


10 .. 
100. 
1,000 
10 , 000 . 
40,000 . 
100,000 . 


wave length, 


wave length, X (m) ! 

) 


wave length, \ (m) 


35 6 : 

144.5 

! 151.8 

3 58 

14 45 

15.18 

0.36 j 

i 44 

; 1.52 

0.036 1 

0.144 ! 

! 0. 152 

0 009 I 

0.030 j 

I 0.03S 

0 om ! 

0,0144 1 

1 0 0152 


S 


where ail values are in e.g.s. units. The quantities X, p, and v have already 
been defined, and m is the dynamic viscosity. The ranges of p and v 
are amatli and therefore d varies as XVm^ Hence the absorption increaaee 
rapidly iritfa increasing frequency and somewhat with mcreasing viaeosty, 
and is significkni only for ultrasonic waves. According to Berguwui 
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(1089) thA alMOivtioii in ivnter k much greater than k indieatwl by tha 
equaa<»8 i^bove. Hartnuuw and Focke (1940) have obtained «aqwri> 
niental data which indicate that the abeorption k approxinateljr a 
thou8Uk<tfold largw. Whether abeorption in the sea k as great or greater 
than that shown by these hd)oratory tests must await investigation in 
the fidd. 

The velocity with which a sound wave travels through tiie water 
varies considerably with depth. Hence a “beam” of ultrasonic waves 


may be refracted when transmitted in a quasi-horisontal direction. 
Generally the velocity decreases with increasing depth in the upper layoe 
and the beam k bent downward. Studies made by the U. S. Coast and 


Geodetic Survey (Swainson, 1936) 
have shown that a sound impulse 
may travel directly to the hydro- 
phone, or may reach t he hydrophone 
after having been reflected one or 
more tim<*8 at the surface and the 
bottom In many cases it was 
possible to distinguish several diffei- 
ent “rays” which were receii'ed 
.iftcr different intervals. Thedirect 
transmiasioo could be obtained only 
at distances less than 20 km and 
when the depth to the bottom was 
about 2000 m. The velocity of the 
direct wave ihipulse corresponded to 
that computed from the tempera- 
ture and salinity, but those wave 



Fig 19 Vertical distributions of 
temperature and aahmty o8 southeni 
CaUfomia at 32‘57'N and 122‘07'W. 
the computed velocity of eound, and the 
mean sounding velocity. 


impulses which were reflected showed an apt<arent “borisontal” velocity 


less than the theoretical because of the It-nger paths travded. This 


empirical horisontal velocity depends upon the distance between the 
vessel and the hydrophone, the depth to the bottom, the bottom profile. 


the physical properties of the wrater, and so forth. 

As stated previously, the vertical velocity is a function of the depth 
and the distribution of temperature luid sdinity. Most sonic depth- 
finding instruments are adjusted for a condant “sounding velodty,” 
usually 800 to 820 fathoms per second (1463 to 1500 m/sec). In certain 
cases it k desirable to correct the readings to true depths. Thk can be 
done if the distributions of temperature and salinity are knwn. For 
different areas of the oceans and for different depths, the British Adim- 
ralty Tables contain “ mean sounding velocities” ; that k, mean vdocities 
from the surface to the stated depth. In general, these first decrease 
somewhat with depth, because effect of decnsidni^ tem perat ure 
dominates, but nt greater depths thiqr ineteese s^io •« the preasure 
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j 1 -♦ ifi fie 19 •!« varticfil twlpcrttfare 

effect beownee dominwt. I *• ^ of eoutiwm C^ontift 

toge^w wiA Xablee. The mean eouadinf velocity is 

puted from theBnfa^Ad 3^ ^ ^ ^ 

i!rsXt.w«. «o ». .«o .. «d «». 

ioerawed again to 1496 m/aec at 4000 m. 


Absorption of RadiatMi 

Absorption Cokfficibntb op DieriiiLED Watbb and op Pdkb Sea 
Watbk. In water the intensity of paralld beams of radiation of wave 
length X decreases in the direction of the beams, the decrease in a layer 
of infinitesimal thickness being proportional to the energy, /, and to the 
thickness of the layer: 

d/x =* —H)J\dx. 


The coefficient of proportionality, *, is called the abterpHon eoefflcient. 
Integrating this equation between the limits x = X and x =» X + -L. one 
obtains 

*x = (log h.k — log /x,(x+i)), 


where the factor 2.30 enters because base-10 logarithms are used instead 

natural logarithms, and where L is the thickness of the layer within 
which the energy of the radiation is reduced from /xa to h.ih+o- The 
latter equation also serves as a definition of the absorption coeflScient. 
The numerical value of the absorption coefficient depends upon the unit 
of length in which L is expressed. In physics the unit is 1 cm, but in 
oceanography it has become common practice to use 1 m as the unit of 
length. Tlierefore the numerical values of the coefficients that will be 
given here are one hundred times larger than the corresponding values 
given in textbooks of physics. 

The decrease of intensity of radiation passing through a layer of water 
depmds not only upon the amount of ra^tlon that is truly abmrbed- - 
that is, converted into another form of energy — but also upon the amount 
that is scattered lateraUy. In “pure" water the scattering takes place 
against the water molecules, and the effect of scattering is rtdat^ to 
the mdecular structure of the water (p. 47). However, when the 
absorption in pure water is measured, ^e effect of scattering is not 
separated but is included in the absorption coefficient, which varies 
greatly with wave Imigth. 

A great number of measuremmits of the absorpUon coefficients in 
pure water have been conducted, but the results by diffwent inves* 
tigatom do not agree (Dorsey, 1940). Thus, at a wave length ct Mm 
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Httfiser *Bd Albrecht, 1891 9.048 

Ewea, 189S 9.090 

AeehkinMl, 1896 9.080 

Sawyer, 19SI j'oia 


Owing to such discrepancies the absorption in pure water is not exactly 
known, but, as a basis for comparison, table 21 contains values the 
absorption coefBcients according to determinations by W. R. Sawyer in 
the range 0.36 m to 0.66 and by J. R. Collins for wave lengths greater 
than 0.66 /t (Dietrich, 1939). Sawyer's results have been selected 
because Clarke and James (1939) have obtained similar values in their 
examination of filtered sea water. 

From the table it is evident that water is very transparent for radia^ 
tion of wave lengths between 0.4 m and 0.6 /i;that is, for visible rays in the 
violet, blue, green, and yellow parts of the spectrum It is less trans- 
parent for orange and red light, and in the infrared the transparency is 
practic^ly nil (fig, 21), because, if the absorption coefficient per meter 
equals 100, 99.5 per cent of the radiation ts absorbed in a layer of thick- 
ness 5.3 cm 

Tabuc 21 

ABSORPTION COEFFICIENTS PER METER OF PURE WATER AT WAVE 
LENGTHS BETWEEN 32 m AND 65 m, ACCORDING TO W R SAWYER, 
AND AT WAVE LENGTHS GREATER THAN 65 ACCORDING TO 

J R. COLLINS 


Wave 
length 
in M 

Abaorption 
ftoefftcient 
per nieter 

Wave 

length 

ill jtf 

Abaorption 
coefficient 
per meter 

Wave 
length 
in n 

Abaorption 
coefficient 
per meter 

Wave 
length 
in M 

i 

Abaorption 
coefficient 
per meter 

32 

0.58 

.52 . 

0.019 

86 

4.12 

j 1.60. . 

800 

34 

0.3S 

54 

0.024 

.90 . 

6,55 

1 1 . 70 . 

730 


0.28 

.56 

0 0^ 

95 . 

28.8 j 

! 1.80 .. 

1700 

33 . 

I 0.148 

.58 

0 055 

1.00 1 

39.7 1 



40 . . 


60 

0.125 

1,05 

17.7 ! 

2.00. 

8500 

42 . . 

0.041 

.62 . 

0,178 

1.10 . 

20.3 

2.10 . 


.44,. . 

0.023 

65 .1 

0.210 


m 2 

2.20 . 

2100 

.46 . 

0.015 

.70 ! 

0.84 



2.30 ,. 


48 

0.015 

.75 .j 

2.72 

1 40 . 

1600 

2.40... 

4200 

50 

0.016 

80 ! 

2.40 

1.50 . , 

1940 

2.50... 

HiiMiil 


Collins has compared the absorption in distilled water to Uiat in salt 
solutions, and from his results it can be concluded that the dissdved 
salts in concentrations occurring in sea water exert a n^Ulpble ^ect 
on the absorption coefficiimt. The nuudraum effect ai^pnars to be about 
1.3 per cent, and the uncertainty of the obesrved valuei »*greater than 
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this amount. These results have been ^nfinned by Clarke and James 
(1939), who found that the absorption of pure sea water as represented 
by Berkefeld-filtered oceanic sea water was practically identical with 
that of distilled water. Their observations indicate that Sawyer's values 
for distilled water may be too high in the ultraviolet; that is, at wave 
lengths smaller than 0.38 ft. 

It has also been concluded that the effect of temperature on absorp- 
tion, which has been established in the case of distilled water, is applicable 
to uncontaminated sea water. The effect of temperature changes is to 
increase the absorption in certain parts of the mfrared by about 0.5 per 
cent fur every temperature increase of 1°C, but over a large part of the 
spectrum the temperature effect is much smaller. When dealing with 
sea water the effect can be neglected. 

flxTiNCTiOK Coefficients in the Sea. In oceanography the 
greater interest is attached to the rate at which downward-traveling 
radiation decreases. The rate of decrease can be defined by means of a 
coefficient similar to the absorption coefficient: 

n = 2.30 (log /x., — log /x,f, 4 ))), 

where /x,. and /x.(»+i) represent the radiation intensities of wave length X 
on horizontal surfaces at the depths z and (z -H 1 ) m. Different names 
have been proposed for this coefficient, such as transmissive exponent 
(Clarke, 1933) or extinction coefficient (Pettersson, 1936a). The latter 
name has been widely used and will be employed here, although the 
process by which the intensity of radiation is reduced will be called 
absorption. The absorption of radiation in the sea is complicated by 
the increased scattering due to suspended particles and by the presence 
of dissolved colored substances. The extinction coefficient of radiation 
of a given wave length therefore varies within wide limits from one 
locality to another, and in a given locality it varies with depth and time. 

The first crude measurements of alwiorption in the visible part of the 
spectrum were made by lowering a white disc of standard size (30 cm), the 
Secchi disc, and observing the depth at which the disc disappeared from 
sight. Comparisons with recent exact measurements by other methods 
have shown that in the English Channel the extinction coefficient of 
visible rays can roughly be attained from the formula * = 1.7/2), where 
D is the maximum depth of visibility in meters, as determined by the 
Secchi disc (Poole and Atkins, 1929). 

The next step in the investigation of the absorption of radiation in sea 
water was made by subsurface exposure of photographic plates enclosed 
in watertight containers. Such experiments, which were conducted 
by Helland-Hansen (19i2a) on the Michael Sore Expedition by exposing 
panchromatic plates at different depths in the vicinity of the Azores, 
showed ihat*photographic plates were blackened at very great depths. 
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A ];date exposed for 40 nunutes at a depth fiOO m showed strong 
blaekraing, Mioth«r exposed for 80 minutes at 1000 m was also hlaekened, 
but a third plate whidk was exposed for 130 minutes at 1700 m allowed 
no effect whatever. These experiments were made at mxm cm June 6, 
1910, with a clear sky. At 600 m it was found that tiie radiatimi had a 
distinct downward direction, because plates exposed at the top of a cube 
were much more strongly blackened than those exposed on the sides. 

In other experiments colored filters were used, which showed that the 
red portion of ^e spectrum was rapidly absorbed, whereas the green and 
blue rays penetrated to much greater depths. Quantitative results as to 
the absorption at different wave lengths were obtained by using spectro- 
photometers (Knudsen, 1922), but the methods were la^rious and not 
sensitive enough to be used at great depths. 

The introduction in recent years of photoelectric cells has 
possible rapid and accurate determinations of extinction coefficients in 
different parts of the spectrum. A number of different instruments have 
been and still are in use, but a standardized techmque has been proposed 
by a committee of the International Council for the Exploration of the 
Sea (Atkins ei al, 1938). Because of the wide variation in absorption 
at different wave lengths, efforts have been directed toward measuring 
exactly the absorption in narrow spectral bands. The determinations 
are accomplished by lowering stepwise a photoelectric or photronic cell 
enclosed in a watertight container and provided with suitably colored 
filters, and by observing on deck the photoelectric current by means of a 
sensitive galvanometer or a suitable bridge circuit. The measurements 
must be made at constant incident light either on clear, sunny days or 
on days when the sky is uniformly overcast, because the rajud variations 
in incident light that occur on days with scattered clouds will naturidly 
lead to erroneous results as to the absorption. To determine the per- 
centage amount of radiation that reaches a certiun depth, it is necessary 
to make simultaneous readings of the incident radiation on board ship. 
For the different precautions that have to be taken, reference is made to 
papers listed in the bibliography, particularly to Atkins et al (1938). 

These methods give information as to the absorption in layers of 
definite thickness. Instruments for measurements of the transparency 
of sea water at given depths and of the scattering of light have been 
designed by H. Pettersson (1936b) and have been used for determiiung 
relative values. It has been demonstrated, particularly, that at bound- 
ary surfaces sharp variation.^ in transparency and scattering occur. The 
study of the absorption of radiation in the sea is in rapid progress, and 
several of the following generalizations are therefore presented with 
reservations. 

The main results as to tire character of the extinction coeffiekmt 
in the SM of radiation of different wave lengths can be well iffustrated 
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by «"«>*»>« of data which Utterback (1936) and Jorgensen and Utterbwk 
(1^) have published. Utterback attempted to detennine the extinc- 
tion coefficients within spectral bands as narrow as possible, and 1ms 
assigned the observed coefficients to distinct wave lengths, Imt it should 
be understood that the wave length actually stands for a spectral band 
of definite width. He has made numerous observations in the shallow 
waters near islands in the inner part of Juan de Fuca Strait and at four 
stations in the open oceanic waters off the coast of Washington, and these 
can be considered typical of coastal and oceanic^ water, respectively. 
Table 22 contains the absorption coefficients of puit water at the wave 

Table 22 

ABSORPTION COEFFICIENTS PER METER IN PURE WATER AND 
EXTINCTION COEFFICIENTS IN THE SEA 
(From Utterback’s data) 


Type of water 

Wave length in m 

.46 

.48 

.515 

.63 

.665 


.66 

- 

.80 

1.00 

Pure water 


015 

■ 



.125 


2.40 

H 

wmt 

i lowest . 

038 

026 

H 

.038 


199 




Oceanic water ^average 

mm 

.076 


.084 


272 




(highest.. 

.160 

.154 

.143 


.167 

.333 




/lowest . 

224 


192 

.169 


.375 

477 



Coastal water < average 

362 

334 

276 

269 


437 

.623 

1 


(highest . 

510 

454 

.398 

348 


.489 





lengths used by Utterback, the minimum, average, and maximum 
extinction coefficients observed in oceanic water, and the minimum, 
average, and maximum coefficients observed in coastal water. The 
minimum and maximum coefficients have all been computed from the 
four lowest and the four highest values in each group. The data in 
table 22 arc represented in fig. 20. In the clearest oceaiac water the 
extinction coefficients were only twice those of pure water and the 
average values were four to five times the latter, whereas the maximum 
values were up to ten times as great. In the coastal waters the minimum 
values were up to sixteen times greater than the absorption coefficients 
of pure water, the average values were up to twenty-four times as great, 
and the maximum values were up to thirty-four times as great. The 
increase of the extinction coefficients, however, varied widdy in the 
different parts of the spectrum and was much greater for shorter wave 
lengths than for longer. 










WYSrCAl WOfWtllS OF SfA WAItR «5 

The transparency of the water for radiation of diff«t>nt wave iMigthB 
can be expressed by means of the percentage amounts of radiation which 
penetrate a 1-m layer. These percentage Mnounts are given in table 23, 
from which it is seen that the greatest transparency of the clearest 
oceanic water is at a wave length of 0.48 m— that is, in the blue part of 
the spectrum — whereas the greatest transparency of coastal water is at 
wave lengths 0.53 n or higher — that is, in the green or green-yellow part 
of the spectrum. It is also seen that 97.5 per cent of radiation of wave 
length 0.48 n passes through 1 m of the clearest oceanic water, but 



Pig. 20. Extinction coefficients of radiation of different wave lengths in pure water 
and in different types of see water. 

only 63.5 per cent of radiation of the same wave length pass^ throuf^ 
1 m of turbid coastal water. 

The great difference between the mean and the maximum values of 
the extinction coefficients shows that the absorption of sea water varies 
within very wide limits. In the example presented in table 22 the 
percentage variations are about the same in coastal and oceanic water, 
and the maximum values in the oceanic water approach the minimum 
values in the coastal water. In any given locality, great variations also 
occur in a vertical direction, layers cH low absorption idtemating wiUi 
layers of high absorption, and this feature further complicates the aetuid 
conditions. 

Similar results have been obtained by ol2i«r investigators from su^ 
widely dilFereat areas as in the Hhti^ish Channel (Poole and Xtidns, 1229; 
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Tabu 23 

PERCENTAGE OP RADIATION OP GIVEN WAVE LENGTH TRANSMITTED 

BY 1 M OP WATER 
(Bued on data in table 22) 


Type of water 

Wave length (fi) 

.46 

.48 

515 

B 

.565 

.60 

66 

Pure water 

98 5 

98.5 

98.2 

“ T. 

97 9 

96.8 

88.3 

75.9 

/lowest 

96.4 

97.5 

96.6 

96.3 

92.9 

81.8 


Oceanic water^ average 

91.8 

92.7 

92.5 

91.8 

89.8 

76.9 


(highest. . . . 

85.1 

85.7 

86.7 

1 

86.9 

84.5 

71.6 


/lowest 


79.4 

82.6 

84.5 


68.7 

62.0 

Coastal water < average 

69.7 

71.6 

75.9 

76.4 


64.6 

53.6 

(highest 

HI 

63.5 

67.1 



61.4 

46.7 


Poole, 1936), in the waters off the east coast of the United States (Clarke, 
1933), and off southern California (Young and Gordon, 1939). In ail 
instances it has been found that the absorption is less in oceanic Uian in 
coastal water, but it varies within wide limits both locally and with 
depth. Where examination of absorption in different parts of the 
spectrum has been conducted, it has been found that the absorption is 
much less in the blue than in the red end of the spectrum and that 
the blue light penetrates to the greatest depths in clear water, whereas 
the green or yellow light reaches further down in turbid water. 

Influence op the Altitude op the Sun upon the Extinction 
C oEPFiciENT. The extinction coefficient is a measure of the reduction 
of intensity on a vertical distance and depends, therefore, upon the 
obliquity of the rays. The obliquity of the incident rays is reduced, 
however, by refraction when entering the water from ^ air and by the 
effect of scattering. When the sun's rays pass the water surface, the 
ang^ of refraction increases from aero with the sun in senith to 48.5 
degrees with the sun at the horizon, and therefore the most oblique rays 
penetrating into the water form an angle of less than 48 degrees with 
the vertical. Owing to the scattering and tiie sifting out by absorption 
of the most oblique rays, the radiation that penetrates to moderate 
depths will become nearly vertical, and the measured extinction coeffi- 
cients will be indepmident, within wide limits, of the altitude of the sun. 
The reduction of the obliquity of the incident radiation has been directly 
demonstrated by Johnson and LUiequist (1938). Conditions at very 
low sun have not bemi examined, but it is probi^le that at low sun the 
extinction (xiefficients are inneased, and this increase may have bearing 
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upon the diunu^ variatioa of the incoming energy at greater (iepths 
(p. 779). 

The Scatteriko of Raoiation in the Sea. The scattering of 
radiation has been examined both directly by means of Petterason’s 
scattering meter (p. 83) and by measuring the relative int^utities of 
downward- and upward-traveling radiation or vertical and horisontal 
radiation. Jorgensen and Utterback (1939) found that in coasted waters 
the intensity of the upward-traveling radiation ranged for the short 
wave lengths from 1 to 3 per cent of that of the downward-traveling 
radiation, and for the long wave lengths from 0.5 to 2 per cent. In 
oceanic water Utterback (1936) found ratios between 1 and 2 per cent 
at the shorter wave lengths. Clarke (1936) found considerably higher 
values in shallow coastal waters, but similar values in the deep basin 
of the Gulf of Maine. 

The relative intensities of horizontai and vertical radiation have been 
measured by Clarke off the east coast of the United States and by Poole 
and Atkins in the English Channel. The greatest value found by Clarke 
was 17 per cent, but Poole and Atkins (1929) have reported an average 
value of 50 per eent for the horizontal radiation down to a depth of 25 m 
in the English Channel. The conclusion that can be drawn from these 
experiments is that the subsurface illumination becomes more and more 
diffuse with increasing depth, particularly in coastal waters, but that the 
directional character of the radiation is lost only slowly. This conclusion 
is particularly true in clear oceanic water, where Helland-Hansen (1912a) 
found that the vertical radiation was distinctly more intense than the 
horizontal at a depth of 500 m (p. 82). 

Cause of the Great Extinction Coefficients in the Sea. The 
great extinction coefficients in the sea as compared to those of absolutely 
pure water are as a rule ascribed to the presence of minute particles 
which cause scattering and reflection of the radiation and which them- 
selves absorb radiation. If such particles are small comp>ared to the 
wave length, X, of the radiation, the scattering will be proportional, 
according to Lord Rayleigh, to X~*, and the effect therefore at wave 
length, say, .46 m will be 2.86 times greater than at wave length .60 n. 
This selective effect leads to a shift toward longer wave lengths in the 
region of minimum absorption. 

Clarke and James (1939) found that the increased absorption in 
oceanic water was chiefly caused by suspensoids that could be removed 
by means of a ‘'fine" Berkefeld filter, and that these suspensoids were 
largely nonselective in their effect. Utterback’s data (1936) indicated, 
on the other hand, that the increased absorption in oceanic water is at 
least in part due to selective scattering, bemuse at short wave lengths 
the exrinetion coefficients were increased more, above t]iose of pure 
water, than at longer wave lengths (table 22). Kalle (1938) is of the 
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opinion that selective scattering is of dominant importance {p. 89), 
but the question is not yet settled as to the mechanism which leads to 
increased absorption in oceanic water as compared to pure water. The 
fact that even in the clearest oceanic water the absorption is greater than 
in pure water indicates, however, that finely suspended matter is always 
present. One could state that the ocean waters always contain dust. 

The increase of the absorption coefficients in coastal waters appears 
to be due in part to another process. Clarke and James (1939) conclude 
from their examination that in coastal water both kispensoid and filter- 
passing” materials are effective in increasing the absorption, and that 
each exerts a highly selective action, with greatest absorption at the 
shorter wave lengths. These great absorptions at the shorter wave 
lengths are demonstrated by Utterback’s measurements (table 22). 
Clarke does not discuss the nature of the “filter-passing” material, but 
Kalle (1938) has shown that in sea water water-soluble pigments of yellow 
color are present. These pigments appear to be related to the humic 
acids, but their chemical composition has not been thoroughly examined, 
for which reason Kalle calls them “yellow substance.” This yellow 
substance seems to occur in greatest abundance in coastal areas, but 
Kalle has demonstrated its presence in the open ocean as well and 
believes that it represents a fairly stable metabolic product rotated 
to the phytoplankton of the sea. The selective absorption of this yellow 
substance may then be responsible, in part, for the character of the 
absorption in coastal water and for shift of the band of minimum absorp- 
tion toward longer wave lengths. 

It has not been possible anywhere to demonstrate any direct influence 
of ph}rtoplankton populations on the absorption, but very dense popula- 
tions may cut down the transparency. At present it appears that the 
major increase of absorption of sea water over that of pure water is due 
to two factors; the presence of minute suspended particles, ahd the 
presence of dissolved “yellow substance.” The former factor dominates 
in oceanic waters, and the latter is particularly important in coastal 
waters. 

The Cou>r of the Sea. The color of the sea, as it appears to an 
observer ashore or on board a vessel, varies from a deep blue to ain intense 
green, and is in certain circumstances brown or brown-red. The blue 
waters are typical of the open oceans, particularly in middle and lower 
latitudes, whereas the green water is more common in coastal areas, and 
the brown or “red” water is observed in coastal regions only. 

The color of the sea has been examined by means of a Seeebi disk 
(p. 82) by observing the color that the water appears to have wlmn seen 
against the white submerged surface of the disc. This color is recorded 
according to i^spedally prepared c<dor scale, the “ Forel scale” ( Krammrf , 
1907). The method is a rough one and the scale is not adat>ted for 
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recording the extreme colors in oosstsl waters. In order to obtain modw 
exact results, Granquist, working in the Finnish waters, used a long, tube 
that was blackened on the inside, and this type of instrument has been 
greatly improved by Kalle (1938). 

Kalle has critically reviewed earlier theories as to the causes of the 
color of the sea and arrives at conclusions that appear to be consistent 
with all available observations. The blue color is explained, in agree* 
ment with earlier theories, as a result of scattering agmnst the water 
molecules themselves, or against suspended minute particles smaller than 
the shortest visible wave lengths. The blue color of the water is there- 
fore comparable to the blue color of the sky. The transition from blue 
to green cannot be explained, however, as a result of scattering, and 
Kalle concludes that this transition is due to the above-mentioned “yel- 
low substance,” pointing out that the combination of the yellow color 
and the “natural” blue of the water leads to a scale of green colors as 
observed at sea. Fluorescence may contribute to the coloring but 
appears to be of minor importance. 

The color of suspended larger particles, if present in great abundance, 
can give color to the sea. In this case the color is not determined 
by the optical properties of the water or by dissolved matter, but by 
the colors of the suspended inorganic or organic particles, and the water is 
appropriately called “discolored.” Discoloration can be observed 
when large quantities of finely suspended mineral particles are carried 
into the sea after heavy rainfall, or when very large populations, several 
million cells per liter, of certain species of algae or dinoilagellates are 
present very near the surface. Thus, the “red water” (often more 
brown than red) which is quite frequently observed in many areas and 
after which the Red Sea and the Vermilion Sea (Gulf of California) have 
been named is due to abundance of certain algae (in the Red Sea, Tridto- 
detmium erythraeum) or dinoflagellates. The discoloration, beautiful 
examples of which have been given by Gunther (1936), is, however, a 
phenomenon of the typical coastal waters, the green colors being 
frequent in waters near the coast or at sea in high latitudes, and the 
blues charac teristic of the open ocean in middle and lower latitudes 
(fig. 214, p. 784). 

Eddy Conductivity, Diffiiiivlty, ond Viscosity 

In the preoetUng discussion it has been repeatedly stated that the 
coefficients of heat conduction, diffusion, and viscosity that have been 
dealt with so far aie apidicalde only ff the water is at rest or in la min a r 
flow. By lamfnarJUnp is understood a state in which sheets (lam i n a e) <rf 
liquids move in an orderly twanner such that random lOcid fluctuations 
of vdocity do not occur. However, the moleeulee of the Uqjud, indudii^ 
those disedved eubetancee, move at randsna, and, owing to this 
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random motion, an exchange of mcteeulea takes place between adjacent 
layers. Consequently, there is a transfer of heat if adjacent layers are 
at different temperatures, a diffusion of dissolved substance if their 
concentrations are variable in space, or a transfer of momentum if their 
v^ocities differ. The amounts that are transferred are proportional 
to the gradients of temperature, concentration, or velocity, and the 
factors of proportionality — that is, the coefficients of thermal conduc- 
tivity, diffusion, and viscosity — are among the characteristic properties 
of the liquid. For a given liquid they are functions of temperature, 
pressure, and concentration, and can be exactly determined in the 
laboratory. 

In nature, laminar flow is rarely or never encountered, but, instead, 
turbulent flow, or turbulerice, prevails. By turbulent flow is understood a 
state in which random motion of smaller or larger masses of the fluid is 
superimposed upon some simple pattern of flow. The character of 
the turbulence depends upon a number of factors, such as the average 
velocity of the flow, the average velocity gradients, and the boundaries 
of the system. Under these conditions the exchange between adjacent 
moving layers is not limited to the interchange of molecules, but masses 
of different dimensions also pass from one layer to another, carryin^with 
them their characteristic properties. As a consequence, a snapshot of 
the instantaneous distribution of velocity, temperature, salinity, and 
other variables in the sea would show a most complicated pattern, but so 
far no means have been developed forestablishing this picture. Measure- 
ments by sensitive current meters have demon.strated that in a given 
locality the velocity fluctuates from second to second, but in most cases 
observations of ocean currents give information as to mean velocities for 
time intervals that may vary from a few minutes to twenty-four hours or 
more. Similarly, special measurements have demonstrated that the 
details of the temperature distribution are very complicated, but in 
general observations are made at such great distances apart that only 
the major features of the temperature distribution are obtained. Inas- 
much as it is impmsible to observe the instantaneous distribution in 
space of temperature, salinity, and velocity, it follows that the cor- 
responding gradients cannot be determined and that no basis exists for 
application to the processes in the sea of the coefficients of thermal 
conductivity, diffusion, and viscosity that have been determined in the 
laboratory. Since only certain averoffe gradients can be determined, 
another approach has to be made when dealing with the processes in 
the sea. In order to illustrate this approach, let us first consider the 
viscosity. 

In the case of laminar flow the coefficient of viscosity, ib, Ls defined 
by the equation =» udofdn where t, is the shearing streas exerted on a 
surface of unit am, and (kf/dn is the shear normal to that surface. 
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In the ease of turbulent flow a coefficient of eddy viscosity, A, can be 
defined in a similar manner: 



where dt)/dn now represents the shear of the observed velocities. The 
numerical value of the eddy viscosity depends upon the sise and intensity 
of the eddies — ^that is, on the magnitude of the exchange of mAna^ 
between adjacent layers; and the symbol A that is commonly used is an 
abbreviation for the term “Austausch" introduced by Schmidt (1917). 
The numerical value of A also depends upon how the “average” veloci- 
ties have been determined; that is, upon the distribution in space of the 
observations and upon the length of the time intervals to which the 
averages refer. 

The definition of the eddy viscosity in the above manner appears 
purely formalistic, but it is based on the concept that masses which leave 
one layer carry with them the momentum corresponding to the merage 
velocity in that layer, and that by impact they attain the momentum 
corresponding to the average velocity of their new surroundings before 
again leaving them (p. 472). Thus, A is an expression for the transfer of 
momentum of mean motion. This transfer is much increased by the 
turbulence, as is evident from the fact that the eddy viscosity is many 
times greater than the molecular viscosity. 

The eddy viscewity can be determined only by examination of the 
effect on the mean motion. This effect is discus-sed on pp. 492 and 577, 
but a few points will be mentioned here. It has been found practical to 
distinguish between two types of turbulence in the sea — vertical and 
lateral. In the case of vertical turbulence the effective exchange of 
masses is related to comparatively slight random motion in a vertical 
direction or, if the term “eddy motion” is used, to small eddies in a 
vertical plane. Actually, the eddies are oriented at random, but only 
their vertical components produce any effect on the mean motion. The 
corresponding eddy vbcosily has been found to vary between 1 and 
1000 c.g.s. units, thiw being one thou.sand to one million times greater 
than the molecular viscosity of water. In the case of lateral turbulence 
the effective exchange of mass^ is due to the existence of large quasi- 
horizontal eddies. The corresponding eddy viscosity depends upon 
dimensions of the system under consideration and has been found to vary 
between 10* and 10* c.g.8. units. 

The distinction hetween verticid and lateral turbulence is particularly 
significant where Uie density of the water increases with depth, because 
such an increase influences the two types of turbulence in a diffeo^nt 
raanner. Where the density of the sea water increases with depth (dis- 
regarding the effect of pressure), vertical random motion is impeded by 
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Aichimedean forces, because a maes which is brought to a higgler level 
will be euROunded by water of less density and will tend to sink back 
to the level from which it came, and, similarly, a water mass moving 
downward will be surrounded by denser water and will tend to rise. In 
this case the stratification of the water is called stable, because it cannot 
be altered unless work against gravity is performed. Stable stratifica- 
tion reduces the vertical turbulence; where the stability is very great 
the vertical turbulence may become nearly suppressed and the eddy 
viscosity small. The effect of stability on the lateral turbulence, on the 
other hand, is negligible, because the lateral random motion takes place 
mainly along surfaces of equal density. 

With regard to the eddy conductivity, similar reasoning is applicable. 
When dealing with eddy viscosity it was assumed that the exchange of 
mass leads to a transfer of momentum from one layer to another, which 
is expressed by means of A. Correspondingly, when dealing with eddy 
conductivity, one can assume that the transfer of heat through any 
surface is proportional to the exchange of mass through the surface, 
as expressed by A, and to the gradient of the observed temperatures, 
— (®/dn; that is, dQ/di = —rA dd/dn, where r is a factor that depends 
upon the specific heat of the fiuid and upon the manner in which the heat 
contents of the moving masses are given off to the surroundings. When 
dealing with homogeneous water, it is assumed that a large mass which is 
transferred to a new level breaks down at that level into smfdler and 
smaller elements, and that equalization of temperature ultimately takes 
place by molecular heat conduction between the small elements and the 
surroundings. If such is the case, both the difference in momentum 
and the difference in heat content are leveled off, and the proportionality 
factor, r, is equal to the specific heat of the liquid. Since the specific 
heat of water is nearly unity, the numerical values of eddy conductivity 
and eddy viscosity are practically equal. However, where stable strat- 
ification prevails, the elements, being lighter or heavier than their 
surroundings, may return to their original level before completion of 
temperature equalization, but equalization of momentum may have been 
accomplished by collision. In this case, the factor of proportionality, r, 
will be smaller than the specific heat of the liquid; that is, in the sea, r 
is smaller than unity, and the eddy conductivity is smaller than the eddy 
viscofflty. Thus, stable stratification reduces the vertical eddy con- 
ductivity even more than it reduces the vertical eddy viscosity. Taylor 
(1931) has presented the above reasoning in mathematical language 
(p. 476). 

The discussion has so far been limited to a consideration of the 
vmtical eddy conductivity, but lat^al eddy conductivity due to lateral 
turlmlenee has also to be introduced. The numerical value of lateral 
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eddy eooduotivity must be neatiy equal to that of the latmal eddy idseos- 
ity, becMue the lateral turbulence is not affected by stable stratifiei^n. 

Numerical Talues of the coefficients of eddy conductivity mm be 
derived only from a study of the effect of mixing processes on the obse^ed 
distribution of temperature. Methods of such determinaricms and 
numerical values are presented on pp. 483 and 484. The results have 
confirmed the above conclusions and have also demonstrated tiiat the 
eddy conductivity varies within wide limits. In the upper layers ot the 
sea, where stable stratification prevails, the vertical coefficient of eddy 
viscosity varies between 1 and 1000, whereas the corresponding eddy 
conductivity is smaller and varies between 0.01 and 100; in homogmieous 
water, however, no difference has been established (p. 485). In the 
cases in which the lateral coefficients of viscosity and conductivity have 
been examined, nearly equal numerical values have been found in agree- 
ment with the conclusion that the stability of the stratification does not 
influence the lateral turbulence. 

The transfer of salinity or other concentration is similar to the heat 
transfer. The eddy diffusivity is also proportional to the exchange of 
mass as expressed by .4, the factor of proportionality being a pure num- 
ber. In sea water of uniform deasity r = 1, but in the case of stable 
stratification, when complete equalization of concentration does not 
take place, r < 1 ; that i.s, the vertical eddy diffusivity is smaller than A 
and equals the eddy conductivity. This conclusion has also been 
confirmed by observations (p. 484). 

Biblioqraphy 

Atkins, W. R. G., G. L. Clarke, H. Pettersson, H. H. Poole, C. L. Utterbaek, 
and A. Angstrdm. 1938. Measurement of submarine daylight. Conaeil 
Perm. Internat. p. I’Explor. de la Mcr, Journal du Conseil, v. 13, p. 37-57, 
1938. 

Barnes, H. T. 1928. Ice engineering. Renoaf Pub. Co., Montreal. 364 pp., 
1928. 

Barnes, T. C„ and Theo. L. Jahn. 1934. Properties of water of biobpeal 
interest. Quart. Rev. Biol., v. 9, p. 292-341, 1934. 

Bayliss, W. M. 1927. Principles of general physiolojor. 4th ed. Longmans, 
Green and Co., Ltd., London. 882 pp., 1927. 

Bein, Willy, Heins-Gtother Hirsekorn. and Lotte MoHer. 1935. KomUn- 
tenbestimmungen des Meerwassers und Ergebnisse fiber Wawerkfirper. 
Berhn, UaiveraUt. Institut f. Mewreskunde, Verfiff., N.F., A. Geogr.- 
naturwisB, Reifae, Heft 28, pp. 240, 1935. , . , 

BergRMUm, Ludwig. 1939. Ultrasonics and their scientific and tec^eal 
applications. Trans, from tiw German by H. 8. Hatfidd. John Wil^ 
and Sons, New York. 264 pp., 1939. 

Bjerknes, V., and J. W. Saodstrtm. 1910. Dynamic meteorology and hydro^ 
f*ldiy. Pt I, Statics. Carnet Inst. Washington, Pub, no. 88, 146 pp. -1- 
_ tabhs. ms. 

CUrke, George L. 1933. Observstions on the penetration of da^t into aud- 

Atlantic and eoastal waters. Biol. Bull., v. 65, p. 317-37, 1933. 



u PHYSICAL PROPaTIES OF $6A WATER 

igae, light penetration in the western North Atlantic and its 

application to biological problems. Conseil Perm. Intern, j). 1 Explor. de la 
Mer, Rapp, ct Proc.-Verb., v. 101, pt. 2, no. 3, 14 pp., 1936. 

Clarke, George L., and Harry R. James. 1939. Laboratory analysis of the 
selective absorption of light by sea water. Optical Soc. Amer,, Jour., v. 29, 

p. 43 -56, 1939. . . . r -c 

Cummings, N. W. 1932. A sinker method for the determination of specihc 
gravities. Scripps Inst. Oceanogr., Univ. Calif., Bull., teoli. ser., v. 3, 
p. 101-18, 1932, . 

Dietrich, G. 1939. Die Absorption dcr Strahlung rcinen Wasser und im 
retnen Meerwasser. Ann. d. Hydrogr. u. Mar. Meteor., Bd. 67, S.4 11-17, 
1939. 

Dorsey, N. Ernest. 1940. Properties of ordinary water-substance. Amer. 
Chem. Soc., Monograph Ser. No. 81 , Rcinhold Pub. Corp., New York. 
673 pp., 1940. 

Ekman, V. W. 1908. Die Zusammendrtickbarkcit des Meerwiissera. Conseil 
Perm. Intern, p. TExplor. de la Mer. Pub. de Circonstanre, No. 43, 47 pp., 
1908. 

1914. Der adiabatische Temperaturgradient im Meere. Ann. 

d. Hydr<^. u. Mar. Meteor., Bd. 42, S.34()-44. 1914. 

Fleming, R. H., and Roger Revelle. 1939. Physical proce&sos in the ocean. 
P. 48-141 in Recent marine sediments, A symposium. Parker D. Tra.‘<k. Ed. 
Amer. Assn. Petroleum Geoh, Tulsa, Okla. 736 pp., 1939. 

Forch, C., Martin Knudsen, und S. P. L. Sorensen. 1902. Bcrichte die 
KonstaoUnbestimmungen zur Aufstdlung der hydrographischen 'Fabellen. 
D. KgL Danske Vidensk. Sclsk. Skrifter, 0. iiaekke, naturvidensk. og 
mathern., Afd XFI.I, 151 pp., 1902. 

Gunther, E. R. 1930 A report on oceanographical investigations in the I’eru 
coastal current. Discovery F.pts., v. 13, p. 107 *276, 1936. 

Hartmann, G. K., and Alfred B. Focke. J940. Absorption of hup«usonic 
waves in water and in aqueous solutions. Phys. Rev., v. 57. p. 221-25, 
1940. 

Harvey, IT. W. 192S, Biological chemistry and of sea wat^T. Cam- 

bridge Univ. Press, I/mdon, 194 pp., 1928. 

Heck, N. ir., and Jerry 11. Horvice. 1924. Velocity (4 sound n\ sea water. 
U. S, Coast and Good. Surv., Hf^c. Pub. no. 108, 27 pp , 1924. 

Hclland-Hansen, B. 1912a. Physical oceanography Ch. 5. i». 210-306 in 
Murray and Hjort, Depths of the ocean. Macmillan and Co., J^ondon, 
821 pp., 1912. 

191 2b. The ocean waters. An introduction to physical oceanog- 
raphy. Intern. Rev, d. Hydrobiol,, Huppl. to Bd. Ilf, *Ser. 1, H. 2, 84 pp., 
1912. I^eipzig. 

1930. Physical oc^^anography and meteorology. MitJuul 

Sars North Atlantic Dee|vSea Exped., ^1910, Kept. 8ci. Results, v. 1, 
art. 2, 217 pp., 1930. 

Henderson, L. J. 1913. The fitness of the environment. Macmillan Co., 
New York, 317 pp., 1913. 

Hesselberg, Th,, and H. U. Sverdrup. 1914. Die Btabititiitaverh^itmsfie dvs 
Seewassers bei vertikalen Vemchiebungen. Bergena Museuina Aarbok, no. 
14, 17 pp., 1914-15. 

Hydr^aphic Review. Published by the International Hydrographic Bureau, 
Monaco. v/I- , 1923- to date. 



M 


mvsiCM raoi>smes of $ea watr 

International Aaaoeiation of Phymoal Oceanography (Assn. d’Oc^ogr. Fhys.) 
Union GMod. «t Qfophye. Intern. 1939. Report of the Onmmittip* on 
Chemical Methods and Uniie. Presented at 7th General Aaeelttbly, 
Washington, D. C., 1939. PuUicaUon ScientiBque, In press. 

International critical tables of numerical data, phyrics, chemistry and technology. 
Published for Nat. Research Council by McGraw-Hill Co., New York. 

7 volumes, 1926-1930. 

Jacobsen, J. P., and Martin Knudsen. 1040. Umormal 1937 or primary 
standard sea-water 1937. Union Gdod. et Gdophys. Intern., Assn. d’Ocdan- 
ographie. Pub. sci., no. 7, 38 pp., Uverpool, 1^. 

Johnson, Nils G., and G. Liliequist, 1938. On the angular distribution of 
submarine daylight and on the total submarine illumination. Svenska 
Hydrogr.-Biotogiaka Kommisa. Skrifter. N.S., Hydrografi no. 14, 15 pp., 
1938. 

Johnstone, Janies. 1928. An introduction to oceanography. Univ. Press, 
Liverpool. 368 pp., 1928. 

Jorgensen, Wilhelm, and C. L. Utterback. 1939. Periodic changes in spectral 
scattering and spectral transmission of daylight in tidal water. Jour. 
Marine Research, v. 2, p. 30-37, 1939. 

Kalle, K. 1938. Zum Problem der Meereswasserfarbe. Ann, d. Hydrogr. und 
Mar. Meteor., Bd. 66, S.l-13, 19,38. 

Knudsen, Martin. 1901. Hydrographical tables. G. E. C Gad. Copenhagen, 
63 pp., 1901. 

19()3. Gefrierpunkttabelle fUr Meerwasser. Conseil Perm. 

Intern, p. I’ExpIor. de l.i Mer, Pub. de Circonstance, no. .5, p. 11-13, 1903. 

1922, On measurement of the penetration of light into the sea. 

Conseil Perm. Intern, p. I'Expior. dc la Mcr. Pub. de Circonsiance, no. 76. 
16 pp., 1922. 

Kriimmel, Otto. 1907. Handbuch der Oseanographie: Bd. i, Die raumlich, 
chemischen und physikalischen Verhaltnissc des Meeres. J. Engelhorn. 
Stuttgart. 526 pp., 1907. 

Kuwahara, Susumu. 1939. Velocity of sound in sea water and calculation 
of the velocity for use in .sonic sounding. Hvdrogr. Rev., v. 16, no, 2, p. 
123-40, 1939. Monaco. 

Langevin, F. 1924. The employment of ultra-sonic waves for echo sounding. 

Hydrogr. Rev., v. 2, no. 1, p. 57-91, 1924. Monaco. 

Lyman, John, and Richard H. Fleming. 1940, Composition of sea water. 

Jour. Marine Research, v. 3, p. 134-46, 1940. 

Malmgreu, Finn. 1927. On the properties of sea-ice. Norwegian North 
Polar E.x()ed. with the Maud 1918-1925, Sci. Results, v. 1, no. 5, 67 pp., 1927. 
Matthews, Donald J, 1923. Physical oceanography, v 3, p. 665-692 in A 
dictionary of applied physics. Sir Richard Glasebrook, Ed. Macmillan and 
Co., London, 1923. 

— — — — 1927. TaWoa of the velocity of sound in pure water and sea 

water .for use in echo-sounding and sound-ranging, British Adnuralty, 
Hydrogr. Dept,, H.D. no. 2^2, 29 pp., 1927. 

n — 1932. Tables of the determination of density of sea water under 

normal pressure, SitvwA. Conseil Perm. Intern, p, PExplor. de la Mer. 
Copenhagen. 59 pp., 1932. 

— . 1938, Tables for calculating the specihe volume of sea water 

under pressure. Conseil Perm. Intern, p. I'Expl. de la Mer. Copenhagen. 
67 pp., 1938. 



96 mYSiCAL PROPERTIES OF SEA WATQt 

McEwen, Geo. F. 1939. Tables to facilitate dsmamic computations of oeean 
curtents acc<Nrding to tiie Bjerknes circulation theory. Scripps Inst. 
Ooeanop., Univ. Qalif. Mimeographed, 1929. La Jolla. 

Miyake, Y. 1939a. Chemical studies of the western Pacific Ocean. III. 
FYeesing point, osmotic pressure, boiling point and vapour pressure of sea 
water. Chem. Soc. Japan, Bull., v. 14, no. 3, p. 58-62, 1939. 

— — 1939b. Chemical studies of the western Pacific Ocean. IV. The 

refractive index of sea water. Chem. Soc. Japan, v. 14, no. 6, p. 239-42, 
1939. 

Nansen, Fridtjof. 1900. On hydrometers and the ^rface tension of liquids. 
Norwegian North Polar Exped. 1893-1896, Sci. Results, v. 3, no. 10, 88 pp., 
1900. 

Pettersson, Hans. 1936a. Das Licht im Meer. Bioklim. Beibl&tter, Heft 1, 
11 pp., 1936. 

1936b. The transparency of sea water. Conseil Perm. Intern. 

p. I’Explor. de la Mer, Rapp, et Proc.-Verb., v. 101, pt, 2, no. 6, 7 pp., 1936. 

Petter^n, Hans and Otto. 1929. Methods for determination of the density 
and salinity of sea water. Svenska Hydrogr.-Biologiska Kommiss. 
Skrifter. N.S., Hydrografi no. 3, p. 1-4, 1929. 

Poole, H. H. 1936. The photo-electric measurement of submarine illumination 
in offshore waters. Conseil Perm. Intern, p. I’Explor. de la Mer, Rapp, et 
Proc.-Verb., v. 101, pt. 2, no. 2, 12 pp., 1936. 

Poole, H. H., and W. R. G. Atkins. 1929. Photo-electric measurements of sub- 
marine illumination throughout the vear. Marine Biol. Assn. U. K., Jour., 
V. 16, p. 297-324, 1929. Plymouth. • 

Schmidt, Wilhelm. 1917. Wirkungen der ungeordneten Bewegung im Wasser 
der Meere und Seen. Ann. d. Hvdrogr. u. Mar. Meteor., Bd. 45, S. 367-81, 
431-45, 1917. 

Soule, Floyd M. 1932. Oceanographic instruments and methods. Physics of 
the earth, v. 5, Oceanography, p. 4 1 1 -44 1 . Xat. Research Council, Bull. no. 
85, 1932. 

Sund, Oscar. 1929. An oceanographical slide rule. A new apparatus for 
calculating oceanographical data. Con.seil Perm. Intern, p. I’ExpIor, de la 
Mer, Jour, du Conseil, v. 4, p. 93-98, 1929. 

Sverdrup, H. U. 1933. Vereinfachtes Verfahren zur Berechnung der Druck- 
und Massenverteilung im Meere. Geofysiske Publikasjoncr, v, 10, no. 1, 

9 pp., 1933. Oslo. 

Swainson, 0. W, 1936. Velocity and ray paths of sound waves in sea 
water. U. S. Coast and Geod. Surv., Field Engineers Bull. no. 10, 64 po., 
1936. 

Swartout, J. A., and Malcolm Dole. 1939. The protium-deuterium ratio and 
the atomic weight of hydrogen. Amer. Chem. Soc., Jour., v. 61, p. 2025- 
29, 1939. 

Taylor, G, I. 1931. Internal waves and turbulence in a fluid of variable 
density. Conseil Perm. Intern, p. I'Bxplor. de la Mer, Rapp, et Proc.-Verb., 
v. 76, p. 35-42, 1931. 

'ntomas, B. D., T. G, Thompson, and C. L. Utterback. 1934. The electrical 
conductivity of sea water. Conseil Perm. Intern, p. I’Explor. de la Mer, 
Jour, du Conseil, v. 9, p. 28-35, 1934. 

Tlunxipaon, T. G. 1932 TTie physical properties of sea water. Phyaica of tiia 
V. 5, Oceanography, p. 63-94. Nat. Research Council, BuU. no. 85, 



PHYSICAL PROPaiTiSS OP SfA WATW ^ 

Utterbaek, C. L. 1936. Speetml bands of submarine solar radiati(m in ^ 
North Pacific and adjacent inshore waters. Conseil Perm. Intern, p. 
I’ExpIor. de la Mer, Rapp, et Proc,-Verb., v. 101, pt. 2, no. 4, 16 pp., 1936. 

Utterback, C. L., T. Q. Thompson, and B. D. Thomas. 1934. Refractivity* 
chlorinity-temperature relationships of ocean waters. Conseil Perm. Intern, 
p. I’Explor. de la Mer, Jour, du Consdd, v. 9, p. 35-38, 1934. 

Wenner, F., Edward H. Smith, and Floyd M. Soule. 1930. Apparatus for the 
determination aboard ship of the salinity of sea water by the electrical con- 
ductivity method. Jour. Research, U. S. Bur. Standards, v. 5, p. 711^2, 
1930. 

Wirth, H. E., T. G. Thompson, and C. L. Utterback. 1935. Distribution of 
isotopic water in the sea. Amer. Chem. Soc., Jour., v. 57, p. 400-04, 1935. 

Witting, R. 1908. Untersuchungen sur Kenntnis der Wasserbewegungen und 
der Wasserumsetzung in den Finnland umgebenden Meeren. Finlandische 
Hydrogr.-Biologische Untersuchungen, no. 2, 246 pp., 1908. C/. p. 173. 

Young, R. T., Jr., and R. D. Gordon. 1939. Report on the penetration of light 
in the Pacific Ocean off the coast of southern California. Scripps Inst. 
Oceanogr., Univ. Calif., Bull., tech, ser., v. 4, p. 197-218, 1939. 



CHAPTER IV 


General Distribution of Temperature, Salinity, and Density 






The Heat Budget of the Earth as a Whole 

For the earth ae a whole, the total amount of heat that is received 
during one year from the sun at the limit of the atmosphere must exactly 
balance the total amount that in the same period is lost by reflection 
and by radiation into space. Otherwise, the temperature of the atmos- 
phere and the oceans would change. The radiation from the hot sun is 
called short-wave radiation, because the wave lengths which reach the 
limit of the earth’s atmosphere lie roughly between 0.38 m and 2.5 u, 
whereas the dark-heat radiation which is emitted by all objects at 
ordinary temperatures is called long-wave radiation, l)eing of •wave 
lengths between 5 n and 20 The part of the short-wave radiation that 
is reflected is of no importance to the heat budget of the eartli, and 
therefore the amount of short-wa^'e radiation that is absorbed by the 
atmosphere, the oceans, and the land mu.st exactly balance the long- 
wave radiation into space from the entire system. .\ small part of the 
heat that the atmosphere receives is transformed inU> kinetic energy 
which by friction is transformed back again to heat and ultimately lost 
into space by radiation. Thas, the transformation of heat to kinetic 
energy does not lead to any net gain of heat but serves to mmntain the 
circulations of the atmosphere and the oceans. 

As is customary procedure, the amounts of heat will be given in 
gram calories and not in units of work such as erg^ or joules. The con- 
version factors are: 1 gram calorie = 4.183 X 10’ ergs == 4.183 joules. 

In lower latitudes, heat received by radiation is greater than heat 
lost by back radiation and reflection, whereas in higher latitudes the gain 
is less than the loss. Table 24 contains values of heat received and 
lost by processes of radiation and reflection in different latitudes. The 
third column, containing the differences between the two quantities, shows 
that there is an annual net gain of heat in the equatorial regions and a net 
Joss in the polar regions. The mean annual temperatures in different 
latitudes on the earth remain unchanged from one year to another, show- 
ing that within the atmosphere and the oceans there must be a transport 
of heat from Ibwer to higher latitudes which exactly equals the difference 
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between h^t teoeived and heat lost by radUaUon. Muitiidyiag the 
average difference between any two paraUele ol latitude by the arm 
of the earth’s surface between these parallels and summing up, startbag at 
the Equator, ^ves the total amounts of heat that flow from the Equator 
toward the poles in every latitude. Some of these values are pven in the 
fourth column in the table, from which it is seen that they are of ^ order 
of 10'* g cal/min. Dividing the numbers by the length of the paraUds 
gives the amounts shown in the fifth column of the table, which represent 
the average flow of heat across each centimeter of the parallels of latitude. 
These numbers are of the order of 10” g cal/cm/min. 

The transport of heat from lower to higher latitudes takes place partly 
by air currents (winds) and partly by ocean currents. In meteorolopc^ 
literature it is generally assumed that the transport by ocean currents is 
negligible (Bjerknes et al, 1932), although the question has not been 
thoroughly examined. It can be shown that the assumption is correct 
when dealing with averages for the whole earth, but in some regions the 
transport by ocean currents is of considerable importance. 


Tasui 24 

HEAT BUDGET OF THE EARTH AS A WHOLE AND HEAT TRANSPORT 
FROM LOWER TO HIGHER LATITUDES 


Latitude 

Heat 

received 

Heat lost 
(g cal/cm*/ 
min) 

Surplus or 
deficit 

Heat trana- 
port aoroaa 
parallels of 

Heat trana- 
port across 
every cenii* 
meter of 

(“) 1 

{g cal/cra*/ 
inin) 

(g cal /cm*/ 
min) 

latitude 
(10»» g cal/ 
min) 

parallels of 
latitude 
{W g cal/ 
cm/mm) 

0. ; 

0.339 

0 300 

0.039 

0.00 


10. 

0.334 

0.299 

0.035 

1.59 


20 . 1 

0 320 

0.294 

0.026 

2 94 


30. . ! 

0.297 

0.283 

0.014 

S 56 


40 

0.267 

0.272 

-0.005 

3.96 


50 

0 232 

0.258 

-0.026 

3 34 


60 

0. 193 1 

0.245 

-0.052 

2.40 


70 

0.160 1 

0 231 ' 

-0.071 

1 20 


80 

0.144 1 

0.220 

-0,076^ 

0.32 

0.46 

90 

0.140 

0.220 

-0.080 

0,00 

0.00 


The amount of beat transported in a north-south direction by a unit 
volume of ocean water is equal to where c represents tbe specific 
heat, p the density, d the temperature of the water, and »» the north- 
south componmit of velocity. The total transport through a etat^Mn 
section of the sea can be found by integration, but for tbd sake of mm- 
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plicity we assume tiiat this transport can be written where 

9 represents the average tmnperature of the water and pTn reiwesents 
the tnflfw of water passii^ north through the section in unit tune. If 
the section is taken across an ocean, the mass transport to the north, 
pT^tf must equal the mass transport to the south, pTg, but the heat 
tiransport may differ because the temperature of the water transported in 
one direction may be higher or lower than that of the water which is 
transported in the opposite direction. If these temperatures are desig- 
nated by djr and d*, the net transport of heat 'Will be c(djir — ^a)pT, 
where pT now means the transport to the north and the south. As an 
example, we can apply these considerations to the North Atlantic Ocean 
along the paralld of 55°N. In the eastern Atlantic about 10 million 
mVeee of warm water flow toward the north, and in the western Atlantic 
an equal volume td cold water is carried south by the Labrador Current 
and by the flow of the deep water (p. 684). With djir — da = 5®, c *= 1, 
S » 1, and T SB 10 X 10* m*/8ec, we find that the heat transport toward 
the north through latitude 55® in the Atlantic Ocean is about 0.3 X 
10'* g cal/min. The total heat transport across the parallel of 55®N is 
about 3 X 10'* g cal/min; hence in the North Atlantic the fraction carried 
by the ocean currents is appreciable. ^ 

This example reprraents an outstanding case of poleward transport 
of heat by ocean currents. In the Pacific Ocean a transport of com- 
parable magnitude probably takes place in latitudes 30®N to 40®N, 
but in the southern oceams the north-south circulation and the cor- 
responding temperature contrasts between currents flowing toward or 
away from the higher latitudes are smaller than those in the northern 
oceans. A detailed study of the transport of heat by ocean currents has 
not been made, but it seems certain that by far the major transport of 
heat is taken care of by the atmosphere. 

The Heat Budget of the Oceans 

The above consideration applies to the entire system formed by the 
atmosphere and the oceans, but for the oceans alone we encounter an 
mitirely different picture. On an average, the gain of heat must exactly 
balaace the loss, but the processes involved are not limited to those of 
radiation, as is evident from the list at the bottom of page 101. 

These processes will be discussed in detail, but it can already be 
stated tiiat of the processes of heating only the firat one is important, 
and tile heat budget of the oceans as a whole can therefore be written 

<?. - - C* - - 0, 

wh«« is the heat received. Over all ocean surfaces between 70®N and 
70*8 the ave|age amounts (in g cal/cm*/min) are, according to Mosby 
(1936), 
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0 221 

Qk -0 090 


Qk » 0 013 


Q. - 0 118 

6 221 

0 221 


If a specific region is considered, it must be taken into account that 
heat may be brought into or out of that region by ocean currents or 
by processes of mixing, and that during short time intervals a certain 
amount of heat may be used for changing the temperature of the water. 
The complete equation for the heat balance of any part of the ocean in a 
given time interval is, therefore, 


Q, — Qb — Q, — Qh + Qv + Qt — 0 , 

where Q, represents the net amount which by currents or processes of 
mixing is brought into or out of the region, and where Q, represents the 
amount of heat used locally for changing the temperature of the sea 
water. 

Radiatio.n from THt Suv and the Sk\ . The short-wave radiation 
that reaches the sea surface comes partly directly from the sun and 
partly from the sky as reflected or scattered radiation. The amount of 
radiation energ>' which is alxsorbed per unit volume in the sea depends 
upon the amount of energy that reaches the sea surface, the reflection 
from the sea surface, and the absorption coefficients for total cnerg>'. 
The incoming radiation depend.^, mainly upon the altitude of the sun, 
the alworption in the atmospheie. and the cloudiness With a clear 
sky and a high sun, alxuit 85 jmt cent of the radiation comes directly 
from the sun and aliout 15 pi^r cent from the .sky, but with a low sun the 
projiortion from the sky i.s greater, reaching alniut 40 per cent of the total 
with the sun 10 degrees above the horizon 


Processes of Heating of the Ocean 
Water 

1 . Absorption of radiation from the 
sun and the sky, Q,. 

2 fonvection of heat through the 
ocean bottom from the interior 
of the earth. 

3. Transformation of kinetic energy 
to heat. 

1 Heating due to chemical proc- 
esses. 

(Convection of sensible heat from 
the atmoaphere. 

^ (Condensation of water vapor. 


Processes of Cooling of Oie Ocean 
Water 

1. Kaik radiation from the sea 

surface. Qt. 

2. ('onvection of sensible heat to 

the atmosphere, Q*. 

3. Evaporation, Q,. 
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Tlie inc<KQUkg energy from the sun is cut down when passing through 
the atmosphere;, partly through absorption by water vapor and carbon 
dioadde in tire air and partiy through scattering against the air molecules 
or vary fine dust. The total effect of absorption and scattering in the 
atmosphere depends upon the thickn^ of tiie air mass through which 
tim nm’s rays pass, as expressed by the equation 

I = Sc-***-”. 

Here I represents the energy in g cal/cmV«»in reaching a surface which is 
normal to the sun’s rays; m represents the relative thickness of the air 
mass and is equal to 1 at a pressure of 760 mm when the sun stands in 
zenith, equal to 2 when the sun is 30" above the horizon (sin 30" = ^), 
and so on; 5 is the solar constant (1.932 g cal/cmVnain) ; T is the “turbid- 
ity factor" of the air; and Om is 0.128 — 0.054 log m. 

The sun’s radiation on a horizontal surface Ls obtained by multiplica- 
tion with sin h, where h Ls the sun’s altitude. To this amount must be 
added the diffuse sky radiation in order to obtain the total radiation on 
a horizontal surface. Instruments are in use for recording the total 
radiation and for recording separately the radiation from the sun and from 
the sky. • 

When the sun is obscured by clouds, the radiation comes from the sky 
and the clouds and, on an average, can be represented by the formula 
Q — Qo(l — 0.071 C), where the cloudiness C is given on the scale 0 to 10, 
and where Qg represents the total incoming radiation with a clear sky. 
This formula is applicable, however, only to average conditions. If the 
sun shines through scattered clouds, the radiation may i>e greater than 
with a clear sky, owing to the refiection from the clouds, and on a com- 
pletely overcast dark and rainy day the incoming radiation may bo cut 
down to less than 10 per cent of that on a clear day. Table 25 contains 
the average monthly amounts of incoming radiation, expressed in 
g cal/cmVniin, which reach a horizontal surface in the indicated loealitioa 
(computed from Kimball, 1928). The differences between the parts 
of the oceans in the .same latitudes are mainly due to differences in 
cloudiness. 

Few direct measurements of radiation are available from the oceans, 
and when dealing with the incoming radiation it i.H necessary to consider 
average values which can be computed from empirical formulae. Mosby 
(1936) has established .nuch a formula by means of which monthly or 
annual mean values of the incoming radiation on a boiisont^ sutiace 
can be computed if the corresponding average altitude of tlm sun and the 
average cloudiness are known: 

Q * k(l - 0.071(7)fi(g cal/craVmin). 



AVERAGE AMOUXTB OP RADIATION FROM SUN AND SKY, EXPRESSED IN GRAM CALORIES PER SQUARE CENTI- 
METER PER MINUTE, WHICH EVERY MONTH REACHES THE SEA SURFACE IN THE STATED LOCALITIES 

(Mter Kimball) 
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Hem JE IB the avenge altitude of the sun. The factor k depends upon the 
tnnqMurency of the atm<»phere and appears to vary somewhat sdth 
latitude, being 0.023 at the Equator, 0.024 in lat. 40", and 0.027 in lat. 70". 
Mosby'e formula is not valid at A > 60". but gives correct results if, at 
high altitudes of the sun, the true altitude is replaced by a reduced 
altitude as follows: 


True altitude (*") 
Reduced altitude (**) 


60 65 70 75 80 85 90 

60 62 64 66 68 69 70 


The values computed by means of this formula agree within a few per cent 
with those derived by Kimball in an entirely different manner (table 25). 

Part of the incoming radiation is lost by reflection from the sea sur- 
face, the loss depending upon the altitude of the sun. When computing 
the loss, the direct radiation from the sun and the .scattered radiation 
from tile sky must be considered separately With the sun 90", 60", 
30" and 10" above the horizon, the reflected amounts of the direct solar 
radiation are, according to Schmidt (1915), 2 0 per cent, 2.1 per cent, 
6.0 per cent, and 34.8 per cent respectively For diffuse radiation from 
the sky and from clouds Schmidt computes a reflection of 17 per cent 
Measurements by Powell and Clarke (1936) gave values on clear daj's 
in agreement with the above, but on overcast <lavs when all radiation 
reaching the sea surface was diffusi', the observed reflection was about 
8 per cent. If the fractions of the total radiation from the sun and 
the sky on a clear day are des’gnated p and g, rpspectively, and 
if the corresponding percentages reflected are designated m and n, the 
percentage of the total incoming radiation that is reflected on a clear 
day is r * mp 4- nq. Thus, on an overcast day, when all incoming 


Tabus 2ft 

PERCENTAGE OF TOTAL INCOMING RADIATION FROM SUN AND SKY 
WHICH ON A CLEAR DAY IS RKn.EtTKD FROM A HORIZONTAL 
WATER SURFACE AT DIFFERENT ALTITUDES OF THE SUN 
Altitude of the sun (*) 5 10 20 30 40 fiO AO 70 80 90 

PBieentage reflected 40 23 12 ft 4 3 3 3 3 3 

radiation is diffuse, r « g per cent. Table 26 contains approximate 

values of r at different altitudes of the sun on a clear day. 

The values in the table are applicable only if the sea surface is smooth 
In the presence of waves the reflection loss at a low sun is somewhat 
increased and will be of particular importance in high latitudes. The 
Mnount of radiation which under stated conditions penetrates the sea 
surface is obtuned by subtracting the reflection loss from the iotsl iocom* 
ing radiation. 

Absorption of Radiation Enbroy in thk Sea, The radiation that 
penetrates the surface is absorbed in the sea water. Hie amounts 
absorbed within pven layers of water can be derived by measnring with 
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a tiiemopUa 1^ eaerpes which reach different depths or by ecenpitiim 
Uieee eneri^ by means of known extinction coefficiente. Direct 
meararements ef energy have been made in Mediterranean waters only 
(Vercelli, 1937), but extinction coefficients of radiation of differmit wave 
lengths have been determined in many areas (p. 85). For com^tation 
of the energy that reaches a given depth, it is necessary to know Ike 
intensity of the radiation at different wave lengths; that is, the energy 
spectrum. The reduction in intensity has to be calculated for each 
wave length, and the total energy reaching a given depth has to be 
determined from the energy spectrum by means of integration. The 
definition of the extinction coefficient for total energy corresponds 'to 
the definition of extinction coefficients at given wave lengths (p. 82). 



Fig. 21. Sichemstic representation of the energy spectrum of the radiation from 
the sun and the aky which penetrates the sea surface, and of the energy spectra in pure 
water at depths of 0.1, 1, 10, and 100 m. Instt: Percentages of tot^ eneiiy and 
of energy in the visible pari of the spectrum reaching different depths. 

The spectrum of the energy that penetrates the sea surface is rei»‘e- 
sented approximately by the upper curve in fig. 21, which also shows the 
eneigy spectra at different depths in pure water. The totid miergy 
at any given depth is proportional to the area enclosed between the base 
line and the curves showing the energy spectrum. In the inserted 
diagram ^ total energy, expressed as percentage of the energy pene* 
trating Um surfaod, as well as the corresponding percentages the energy 
ift the visible part of the spectrum, is plotted agmnst depth. The 
figure shows that pure water is transparent for visible radiation only. 

For sea miter the percentage of the total energy reaching various 
depths has bemi computed for the clearest oceanic water, for average 
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ocMuuc water, for average coastal water, and for turbid coastal water, us- 
ing the extinction coefficients shown in fig. 20. The results are presented 
in table 27. In the clearest offshore water, 62.3 per cent of the incoming 
energy is absorbed in the first meter. The absorption is often increased 
in the upper one meter owing to the presence of foam and air bubbles. 
This increased absorption, when dealing with the penetration of light, 
is referred to as “surface loss." If this process is disregarded, the values 
clearly demonstrate that the greater amount of energy is absorbed very 
near the sea surface and that the amount which penetrates to any 
appreciable depth is considerable only when the water is exceptionally 
clear. At 10 m, 83.9 per cent has been absorbed in the clearest water 
and 99.55 per cent in the turbid coastal water. 



Fig, 22. Energy spectra at a depth of 10 m in different typea of water. Curvt>s 
marked 0, 1,2, 3, and 4 represent energy spectra in pure water, clear oceanic, average 
oceanic, average coastal, and turbid coastal sea water, respectively, Imti: Energy 
spectra at a depth of 100 ra in clear oceanic water and at 10 m in turbid coastal 
water. 

The absorption of energy is illustrated in fig. 22, which shows the 
energy spectra in different, types of water at a depth of 10 m. At this 
depth the maximum energ}- in the clearest water is found in the blue- 
green portion of the .spectrum, whereas in the turbid coastal water the 
maximum has been displaced toward the greenish-yellow part. This 
displacement is further illustrated by the inserted curve in the upper 
ri^t-band corner of the figure, which shows the energy spectra at 100 m 
in the clearest water and at 10 m in the most turbid water. 

Extinction coefficients of total energy have been computed and are 
entered in table 27. These extinction coefficients are very high in the 
tipper 1 m but decrease rapidly, at greater depth approaching the mini- 
mum extinction coefficients characteristic of the types of water dealt 
with. The sjnsllest values given in the table can be considered valid at 
greater d^ths as well. 
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In 6g. 23 the curves marked 0, 1, 2, 3, and 4 represent the percentage 
amounts of energy which reach different levels between the surface and 
10 m, according to the data in table 27. The three curves marked Capri, 
Trieste, and Venice represent results of measurements in the Mediter- 
ranean according to Yercdli (1937), and four other curves represent 
observed values in lakes according to Birge and Juday (1929). The 
agreement of the character of the curves indicates that reliable values 
as to the absorption of energy in the sea can be obtained by means of 
computations based on observed extinction coefficients. 


Pf RCCNTACC or total CnCRCT 



Fig. 23* Percentages of total energy reaching different depths in pure water, 
clear oceanic, average oceanic, average coastal, and turbid coaatal sea water (curvcEi 
0, 1, 2, 3, and 4), computed from extinction coefficients, and corretfpooding directly 
to observed values in four lakes and at three localities in the Meditenranean. 

An idea of the heating due to absorption of radiation can be secured 
by computing the increase of temperature at different depths which 
results from a penetration of 1000 g cal/cra* through the surface. The 
results are shown in table 28, which serves to emphasize that the greater 
part the energy is absorbed near the surface, particularly in turbid 
water. If no other processes took place, the temperature between the 
surface tmd I m would increase in the clearest water by 6.24*’, and in 
the most turbid water by 7.72**. Between 20 ud 21 m the corresponding 
values would be 0.04** Msd O.OOC^**. 

The temperature changes reecntied in table 28 show no simllanty 
CO those actvifdly oeeurring in the open oeenns, where ptwessee t^mbdag 
entirely mask the direct effect of absorption, but in some small, land- 
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locked bodies of water the temperatore chanf» at subsuifaoe depths may 
be governed mmnly by absorptitm of short-wave radiation. %uih 
processes may be observed in the oyster basins on the west coast of 
Norway, tiie temperature characteristics of which were described by 
HeUand-Hansen and studied in detail by Gaarder mid Sp&rck (1932). 
These basins are in communication with the open sea through narrow 
and shallow openings, but during winter storms a complete exchange of 
water often takes place between the basins and the outside. In the 
ensuing spring, after rains, which cause considerable run-off, the surface 
layer in the basins will be replaced by fresh or brackish water spreading 
over the sea water in the deeper portion of the basins and forming a cover 

Tasls 28 

TEMPERATURE INCREASE IN “C AT DIFFERENT DEPTH INTERVALS 
AND IN DIFFERENT TYPES OF WATER, CORRESPONDING TO AN 
ABSORPTION OF 1000 G CAL/CM* 


Interval of depth 

(m) 

Oceanic water 

Coastal water 

Clearest 

Average 

Average 

1 

Turbid 

0-1 

6 24 

6. 48 

7 32 

7 72 

1- 2 

I 0 610 

I 0.720 

0 970 

0.960 

5- 6. 

1 236 1 

1 282 

.164 

.120 

10-11 

1 ,104 1 

1 .096 

030 

.0140 

20- 21. 

i 040 

; .030 

0016 

.0003 

50-51. 

! .0096 

0024 

.0«34 

.O 7 I 5 

100-101 

0016 

> i 

0411 

i 1 




that prevents further exchange between the deeper water and the outside 
sea. Owing to the difference in salinity the density of the deeper water 
will be much higher than the density of the surface layer. During 
summer the incoming radiation will be absorbed both in the fresh water on 
top and in the underlying sea water, and the temperature will rise within 
both layers. Within the top layer the ordinary convection currents 
develop, and the temperature is controlled mainly by the mr temperature, 
but owing to the greater salinity of the lower layer the temperature of 
the deeper water can rise to high values without leading to unstable 
stratification, and the effect of absorption becomes apparent, because no 
other processes are of importance. 

Fig. 24 shows the vertical distribution of temperature on June 30 and 
July 15 in a basin that was examined by Gaarder and Sp&rek,. The 
days in the period between the stated dates were clear and no rain 
According to Kimball (1928) the diurnal amount of incomii^ stmrt-wave 
radiation was about 740 g cal/cm*/<iay, pr shout 11,100 *g c$J/cm* /or 
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the entire period. If 6 per bent is subtracted for reflection, the amount 
entering the water would be about 10,400 g cal/cm*. The temperature 
curves riiow that of this amount 1630 g cal/cm*, or 15.5 per cent, was 
absorbed below a d^th of 1 m, and thxis 84.5 per cent was absorbed 
between the surface and 1 m. Ibe latter amount was lost by back 
radiation, heat conduction to the atmosphere, and evaporation, and at 
{Mresent need not be further considered. It is of interest, however, to 
point out that the great absorption in the upp^r meter indicates that 
the turbidity of the water in the basin was greatel* than that of ordinary 
coastal waters (table 27, fig. 23) and approached that of turbid lakes. 
The heating between 1 and 2 m also indicates water of great turbidity, 

because, of the total amount of 
ft cal/cm* reaching 1 m, 630 
'g g cal/cm* were absorbed in that 

J »*»*• ,, layer, the corresponding extinction 

j* / coefficient being 0.488 (cf. table 27). 

j g rgguit agrees roughly with 

I / / } Gaarder and SpSrck’s statement 

a, Secchi disc nearly disappeared 
Fig. 24. Vertical distribution of at a depth of only 2 m. Conditions 
temperature in a Norwegian oyster basin .... n i 

on June 30 and July 15, 1927. this case were unusually clear 

cut, but even in such basin.s the 
effect of absorption is often obscured by processes of heat conduction. 

Conduction of He.4t THROuda the Ocean Bcrrcw*. If has liecn 
estimated that the flow of heat through the bottom of the sea amounts to 
between 50 and 80 g oal.'crn*/year (Helland-Hansen, 1930). This 
amount represents leas than one ten-thousandth part of the radiation 
received at the surface and can generally be neglected when dealing with 
the heat budget of the oceans. In a few ba.sin.s, where the deep water is 
nearly stagnant and where no conduction of heat takes place from above 
or from the sides, the amount of heat conducted through the bottom may 
conceivably play a part in determining the distribution of temperature, 
but so far no such case is known with certainty (p. 739). 

Transformation of Kinetic Eneroy into Heat. The kinetic 
energy transmitted to the sea by the stress of the wind on the surface and 
by part of the tidal energy is dissipated by friction and transformed into 
heat. The energy transmitted by the wind can be estimated at about 
one ten-thousandth part of the radiation received at the surface and can 
be ne^ected. In shallow coastal waters with strong tidal currimts the 
(Usripation of tidal energy Is so great, however, that it may become of 


Fig. 24. Vertical distribution of 
temperature in a Xon^'egian oyster basin 
on June 30 and July 15, 1927. 


some local importance. Thus, in the Irish Chmine!, according to Taylor 
(1919), the c^ipation amounts to about 0.002 g dd/om'/min, or 1050 
g cal/cmVyegr. Tlie average depth can be taken as about 50 m, or 
5000 cm, atvd, if the same water remained in the Irish Channel a (nil year, 
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the increase in temperature would be about 0.2"C, on an aviaraglB. Sunh 
an effect, however, has not been established, and, as it can be expected in 
shallow coastal waters only, it is of no sif^eance to the general heat 
budget of the oceans. A possible case of heating due to dfawiput^rtw of 
tidal energy or to conduction of heat through the ocean bottom has been 
discussed by Sverdrup (1929). 

Heating due to chemical processes can be completely disregmded. 

The convection of sensible heat and the condensation of water vapor 
will be dealt with in the discussion concerning the exchange of heat *"<1 
water with the atmosphere. 

EvFBcrnrii Back Radiation from thb Ska Surface. The sea 
surface emits long- wave heat radiation, radiating nearly like a black 
body, the energy of the outgoing radiation being proportional to the 



Fift. 25. Effective back radiation in gm cal /cm* /min 
fronj the sea surface to a clear sky. Represented as a 
function of sea-surface temperature and relative humidity 
of the air at a height of a few meters. 


fourth power of the absohitc temperature of the surface. At the same 
time the sea surface receives long-wave radiation from the atmosphere, 
mainly from the wate.r vapor. A small parr of this incoming long- wave 
radiation Is reflecUHl from the sea surface, but the greater portion is 
absorbed in a small fraction of a centimeter of water, because the absorp- 
tion coefficients an; enormous at long wave lengths. The effeetioe hack 
Todiaiion from the sea surface is represented by the difference between 
the “temperatiue radiation” of the surface and the tong-wave radiation 
from the atmosphere, and this effective radiation depends mainly upon 
the temperature of the sea surface and the water-vapor content of the 
atmosphere. According to Angstrdm (1920), the latter is proportional 
to the local vapor pressure, which can be computed from the rdative 
humidity if the air temperature is known. Over the oceans the air 
temperature deviates eo little frwn the sea-surface temperature tl»t 
the vapor pressure can be obtained with sufficient accuracy from the 
sMHSuiface temperature and the relative humidity of fte nir at a short 
distance above the surface. ’ 
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Xngrtr ftm (1930) hM puUiahed a taUe tfaat (Rimmanws resuli^ of 
o lwirva tiiMM i^ective radiiatkHi against a dear skyJTrom a black body 
of different temperatures and at different vapor pressures. Fig. 25 has 
been pi^iutred by means of this table> taking into account the small 
difference between the radiation of a black body and that of a water 
surface. The figure shows the effective radiation as a function of sea- 
surface temperature and of relative humidities between 100 per cent and 
70 per cent, but the values that can be read off from the graph may be 
10 per cent in error, owing to the scanty infori^tion upon which the 
curves are based. It brings out the interesting fact, however, that, 
owing to the increased radiation from the atmosphere at higher tempera- 
tures (higher vapor pressures), the effective back radiation decreases 
slowly with increasing temperature. At a temperature of 0°C and a 
relative humidity of 80 per cent, the effective back radiation is 0.188 g 
cal/cmVmin, and at a temperature of 25° and the same relative humidity 
it is 0.167 g cal/cmVosin. At a given temperature the effective radiation 
decreases with increasing humidity, owing to the increased back radiation 
from the atmosphere. Thus, at a surface temperature of 15° the effective 
radiation is about 0.180 g cal/cmVmin at a relative humidity of 70 per 
cent, and about 0.163 g cal/cm*/min at a ndative humidity of 100 per 
cent. 

The vidues of the effective back radiation at higher temperatures, 
as obtained by extrapolation of .^gstrdm’s data (fig. 25) are greater 
than those computed from Brunt's empirical formula, . 

<?» * Q'(l - 0.44 - 0.08 Ve), 

where Q' is the radiation of a black body having the temperature of 
the sea surface and e is the vapor pressure of the air in millibars. 
However, in this formula the numerical values of the coefficients are 
uncertain and are applicable only within a range of e between 4 and 
18 mb. 

The diurnal and annual variations of the sea-surface temperatures 
and of the relative humidity of the air over the oceans are small, and the 
effective back radiation at a clear sky b therefore nearly independent 
of the time of the day and of the season of the year, in contrast to the 
incoming short-wave radiation from the sun and the sky, which is sub- 
jected to very large diurnal and seasonal variations. 

In the presence of clouds the effective back radiation is cut down 
because the radiation from the atmosphere » increased. The empirical 
relation can be written 

Q « <?«(! - 0.083(7), 

where Q* is the back radiation at a clear sky and where C is the cioudioess 
on the scale 1 10. A dium|kl or annual variation in the cloudiness wUl 
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lead to a codTespondii^ variation in tbe effective back ridiatibii. Ou 
an average, the diuraal variation ot cbxidineas over the ociettns k very 
small and can be neg^kcted, but the annual variation is in some regHma 
considerable. Hite above equation is applicable to avm'age conditions 
on^, because the reduction of the effective back radiatiim due to clouds 
d^nds upon the altitude and the density of the clouds. Thus, if the 
sky is completely covered by cirrus, alto-stratus, or strato-cumuhis 
clouds, the effective radiation is about 0.7SQo, 0.4Q«, and O.IQ*, 
respectively. 

The annual incoming short-wave radiation from iJie sun and the sky 
is greater in all latitudes than the outgoing effective back radiation. 
According to Mosby (1936) the average annual surplus incoming 
radiation between latitudes 0 and 10®N is about 0.170 g cal/cmVmin, 
and between 60® and 70®N about 0.040 g cal/cm*/min. The surplus of 
radiation must be given off to the atmosphere, and the exchange of heat 
and water vapor with the atmosphere is therefore equally as important 
as the processes of radiation in regulating the ocean temperatures and 
salinities. 

The characteristics of the oceans in respect to radiation are very 
favorable to man. The water surface reflects only a small fraction of 
the incoming radiation, and the greater part of the radiation energy is 
alKSorbed in the water, distributed by processes of mixing over a layer of 
considerable thickness, and given off to the atmosphere during periods 
when the air is colder than the sea surface. The oceans theiefore exercise 
a thermostatic control on climate. Conditions are completely changed, 
however, if the temperature of the sea surface decreases to the freezing 
point so that further loss of heat from the sea leads to formation of ice, 
because, when water passes this critical temperature, its thermostatic 
characteristics are altered in a very unfavorable direction. Sea ice, 
which soon attains a gray-white appearance owing to enclosed air bubbles, 
reflects 60 per cent or more of the incoming radiation, and if it is covered 
by rime or snow the reflection loss increases to 65 per cent, or even to 
80 per cent from fresh, dry snow. The snow surface, on rite other 
hand, radiates nearly like a black body, and consequently the heat 
budget related to processes of radiation, instead of rendering a surplus 
as it does over the open ocean, shows a deficit until the temperature, 
of the ice surface has been lowered so much that the decreased loas by 
effective back radiation balances the small fraction of the incoming 
radiarioa that is absorbed. The immediate result of freezing is tiierefore 
s general lowering of the surface temperature of the ice and a rapid 
increase of the thicltnaM of fhe ice. Ihe air that comes in otmtact 
with the ice is cooled, and, as this cold sir spreads, more ice is formed. 
Thus, a small lowering of the temperature of the water in ^ latitudes 
followed by freezing may lead to a rapid drop of the mr temperature and 
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a rapid increase of the iceroovered area. On the other hsodf a 
increase of the teoaperature of air flowing in over an ice-oovered sea pray 
lead to melting of the ice at the outskirts and, once started, the melting 
may progress rapidly. In agreement with this reasoning it has bewa 
found tiiat the extent of ice-covered areas in the Barents Sea is a sensitive 
indicator of small changes in the atmospheric circulation and in the 
amount of warm water carried into the region by currents (p. 662). It 
has also been computed that, if the average air. temperature in middle 
and higher latitudes were raised a few degrees, th^ Polar Sea would soon 
become an ice-free ocean. 

Exchange of Heat between the Atmosphere and the Sea. The 
amo unt, of heat that in unit time is carried away from the sea surface 
through a unit area is equal to 



where Cp is the specific heat of the air, A is the eddy conductivity, 
—dd/dz is the temperature gradient of the air (the lapse rale), which 
is positive when the temperature decreases with height, and y is the 
adiabatic lapse rate. Very near the sea surface, y can be neglected as 
small compared to dd/dz. The term CpA enters instead of the coeffi- 
cient of heat conductivity of the air as determined in the laboratory 
because the air is nearly always in turbulent motion (p. 92). The 
state of turbulence varies, howev^, with the distance from the sea 
surface, because at the surface itself the e<ldy motion must be greatly 
reduced. As a consequence, under steady conditions, when the same 
amount of heat passes upward through every cross section of a vertical 
column, the temperature changes rapidly with height near the sea sur- 
face and more slowly at greater distance. The product —CpAd9jdz 
remains constant, and, as CpA increases rapidly with height, —d9jdi 
must decrease. 

Detailed and accurate temperature measurements in the lowest 
meters of air over the ocean have not yet been made, because the hull and 
masts of a vessel disturb the norma] distribution of temperature to such 
an extent that values observed at different levels on board a vessel are 
not representative of the undisturbed conditions. The few measurements 
that have been attempted indicate, however, that the general distribution 
as outlined above is encountered. 

The sea surface must be warmer than the air at a small distance 
above the surface if heat is to be conducted from the sea to the air. When 
such conditions prevail, the air is heated from below, the stratificatibo of 
the mr becomes unstable, and the turbulence of the air becomes intense 
(p. 92). If the sea surface is very much wanner than the air, as may be 
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the ease when oold continental air flows out over the sea in vnnUait the 
heating from below may be so intense that rapid eonv«etion euirents 
develop, leading to such violent atmospheric disturbances as thunder- 
storms. It is not intfflided here to enter upon the meteorological aspects 
of the heat exchange, but the point which is emphasised is that an 
appreciable conduction of heat from the sea to the atmosphere takes 
place only when the sea surface is warmer than the mr. One might 
assume that, vice versa, an appreciable amount of heat would be con- 
ducted to the sea surface when warmer air flows over a cold sea, but this 
is not the case, because under such conditions the air is cooled from below, 
the .stratification of the air becomes stable, and the turbulence (and 
consequently the eddy conductivity of the air) is greatly reduced. 

It has been found (p. 128) that on an average the sea surface is 
slightly warmer than the overlying air and therefore loses heat by con- 
duction. So far, no detailed studies have been made, but Angstrdm 
lias estimated that only about 10 per cent of the total heat surplus is 
given off to the atmosphere by conduction and that 90 per cent is used 
for evaporation. Other estimates indicate that these figures are approxi- 
mately correct (p. 117). Thus, evaporation is of much greater impor- 
tance to the he,at balance of the oceans than is the transfer of sen.sible 
heat. Evaporation will therefore be dealt with in greater detail. 

Evaporation from the Sea 

Tub Phocbss of Evai’or.m'ion. The vapor tension at a flat surface 
of pure water depends on the temperature of the water. The salinity 
decreases the tension slightly, the empirical relation between vapor 
tension and salinity being (p. 66) 


c. = fd(l - 0.000537 S), 

where e, is the vapor tension over sea water, ea is the vapor tension over 
distilled water of the same temperature, and S is the salinity in parts per 
mille. In the oi>en ocean the relation is approximately «. » 0.98«j. 
Table 29 contains the vapor tension in millibars over water of saliniiy 
35.00 "/oo and at the stated temperatures. 

Air in which the vapor tension is less than that over water of tiie 
same temperature is undersaturated with mofeture, and air in which the 
vapor tension exacUy equals that over a water surface of the same 
temperature is saturated with moisture. In absolutely pure air the 
vapor pressure can be above tJie saturation value, but generally the mr 
contains “nuclea” on which the vapor is condensed whmi the vapor 
tension reaches the value corresponding to that over water of the same 
temperature. Under these conditions the vapor tension in the air 
catmot be further increased, and in meteorology one therefore uses the 
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tcRtt *'iDU3iDUiiii Tftpcff ftt A pvm tempAratuiAk The w A WAm i P 

VApw t^uncn At eHiiieh coodeDSAtion tAkee plACe cad be yee che d either hy 
Adding wAter vApor to ur of a pven temperAture or by deoieising 
the teupereture of Air of a given moisture content. In the letter ceee 
oondensAtion begins et the tempereture thet is celled the *'dew point.” 


Tabia 29 

MAXIMUM VAPOR TENSION IN MILLIBARS OVER WATER OF 

SALINITY 35 Vw •. 


Temperature 

CC) 

Vapor 

pressure 

(mb) 

Temperature 

(*C) 

Vapor 

|»eMure 

(mb) 

-2 

5.19 

18 

20.26 

-1 

5.67 

19 

21.67 

0 

5.99 

20 

22.96 

1 

6.44 

21 

24.42 

2. ... 

6.92 

22 

25.96 

3 

7 43 

23. 

27.59 

4 

7.98 

24 

29.30 

6 

8.56 

25 . 

dl.l2 

6 

9.17 

26 ! 

33.01 

7 

9.83 

27 I 

35.02 

8 

10.52 

28. 

37.18 

9 

11.26 

29 

39.33 

10 

12.05 

30 

41.68 

11 

12 88 

31 . 

44.13 

12 

13.76 

i 32 

46.71 

13 

14.70 


14 

15.69 



15 

16.74 



16 




17 





In discussing the process of evsporetion it is more retionel to con- 
sider not the vApor pressure but the specific humidity,/— -thet is, the mass 
of WAter VApor per unit mass of air. The amount of wetca: vapor, F, 
which per second is brensported upward through a surface cross 
seefion 1 cm* is, then, —Ad/Zds, where A is the eddy conductivity and 
— <^/ds is the verticai gradient of the specific humidity, which is poditive 
when Uic specific humidity decreases with hdjdit. If the vapor pressure, 
tf, is introduced, the equation becomes approximately 
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whsre p 18 the atmospheric pressure. ‘Xlie heat needed for evaporation at 
the surface is 

n — T A 0.621 de 
Q L,A — 

where Lt is the heat of vaporization at the temperature of the surface, 
d (p. 62). 

The ratio between the amounts of heat given off to the atmosphere as 
sensible heat (p. 114) and used for evaporation is 

ft « ^ __P. - n K« P ddjdz 

Q, Ltf 0.621 de/dz "VoOOWd?' 

'rhe last expression is obtained by introducing c, 0.240 and L - .585. 
Thus, the ratio R depends mainly upon the ratio between the temperature 
and humidity gradients in the air at a short distance from the sea surface. 
These gradients are difficult to measure but can be replaced approxi- 
mately by the difference in temperature and vapor pressure at the sea 
surface and the corresponding values in the air at a height of a few meters ; 


R * 0.66 


p du -• 

1000 e« — Ca 


This ratio was derived in a different manner by Bowen (1926). and is often 
referred to as the “Bowen ratio.” 

Values of the ratio R can be computed from climatological charts 
of the oceans, but a comprehensive study has not been made Calcula- 
tions based on data contained in the Atlas of Climatic Charts af the Oceans, 
published by the U. S. Weather Bureau (1938), show that the ration 
varies from one part of the ocean to the other. As a rule, the ratio is 
small in low latitudes, where it remains nearly constant throughout the 
year, but is greater in middle latitudes, where it reach«i values up to 

0. 5 in winter and in some areas drops to —0.2 in summer. A negative 
value indicates that beat is conducted from the atmosphere to the sea. 
On an average, the value for all oceans appears to lie at about O.l, mean- 
ing that about 10 per cent of the heat surplus that the oceans receive by 
radiation processes is given off as sensible heat, whereas about 90 per cent 

1. s used for evaporation (p. 115). 

There are certain points regarding the character of the evaporation 
which need to be emphasiied. If the water is warmer than the air, the 
vapor pressure at the sea surface remains greater than that in the air. 
and evaporation can always take place wid will be greatly facilitated 
in these cireumstanees because the turbulence of the air will be fully 
developed owing to the unstable stratification of the very lowest layers 
(p. 92). It must therrfore be expected that the greatest evaporatkm 
occurs whmt cold air flows over warm water.* If the air is much colder 



11$ asmsunoN OF TEM$aAiv$^ SAUNnY, Mwr 

mter, the air may become aetureted wiUt VM/Wf ^od fog 
or may form over the water surfaees. Such fog u omoouhi itt tin 
fail over ponds and small lakes during calm, clear nights. When a wind 
blows, the moisture will be carried upward, but streaks and columns of 
fog are often visible over lakes or rivers and are commonly described as 
“smoke.” The process can occasionally be observed near the coast, 
but not over the open ocean, because the necessary great temperature 
differences are rapidly eliminated as the distance ffom the coast increases. 

When the sea surface is colder than the air,'* evaporation can take 
place only if the air is not saturated with water vapor. In this case 
turbulence is reduced and evaporation must stop when the vapor content 



Fig. 26. Lift'. The difference, aea-euiface minus sir 
temperature, and the prevailing wind-direction over the 
Grand Banks of Newfoundland in March, April, and 
May. Percentage frequency of fog in the same 

months. 


of the lowest layer of the atmosphere has reached such a value that the 
vapor pressure equals that at the sea surface. If warm, moist air passes 
over a colder sea surface, the direction of transport will be reversed and 
condensation will take place on the sea surface in such a way that heat 
is brought to the surface and not carried away from it. Owing to the 
fact that this process can take place only when the air is warmer than 
the sea and that then turbulence is greatly reduced, one can ejqiect that 
condensation of water vapor on the sea will not be of great importance, 
but it should be borne in mind that this process can and does take place 
when conditions are ri|^t. In these circumstances, contact with the 
sea and conduction lower the air temperature to the dew point for a 
considerable distance above the sea surface. CondensaUon takes place 
in the air and fog is formed, “advection” fog that is commonly eneoun- 
tered over the sea. The rdation between the frequency of fog or mist 
and the difference between sea-suifsce and air temperatures are well 
illustokted by charts in the AUae 0 / Climaiie Chtaie of the Oeeane (1938). 
As an mmmple, fig. 36 shows the frequency of fog, the difference between 
mr and 8(Hi>8urfaee temperature, and the prevailing wind direction over 
the Grand fianks of Newfoundland in March, A{ml, and May. It can 
be concluded that in spring, when the water is colder than the ahr, no 
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evAptMTAtion talm idace is tiiis regios, but in ^ and winter, wben 
the water ie w«rmer, evaporation must be great. 

In middle and hif^ber latitudes the sea surface in wintwr is moetly 
warmer than the lur, and hence one must expect the evaporation then 
to be at its maximum. This conclusion appears contrary to common 
experience that evaporation from heated water is greater that 
from cold water, but the contradiction is only apparent, because greatest 
evaporation always occurs when a water surface is warmer than the sir 
above it, which is exactly what happens in winter. 

OBSBRVATtONs AND COMPUTATIONS OF EvAPOHATiON. Present knowl- 
edge of the amount of evaporation from the different parts of the oceuui 
is derived partly from observations and partly from computations based 
on consideration of the heat balance. 

Observations have been made by means of pans on board ship, but 
such observations give values of the evaporation from the sea surface 
that are too high, partly because the wind velocity is hi^er at the levd 
of the pan than at the sea surface, and partly because the difference 
between vapor pressure in the air and that of the evaporating surface is 
greater at the pan than at the sea surface. Analysing the decrease of 
the wind velocity and the increase of the vapor premure between tiie 
average level of pans used on shipboerd and a level a few centimeters 
above the sea surface, Wust (1936) arrived at the conclusion that the 
measured values had to be multiplied by 0.53 in order to represent the 
evaporation from the sea surface. 

In computing the evaporation on the basis of the heat balance, one 
has to begin with the equation (p 101) 

Q. - Qb - Q. - Q» + <?. + C># = 0. 

introducing the ratio H - Qh/Q„ and conMirtmg the evaporation, E, 
into centimeters by dividing Q, by the laten;. heat of vaporisation, jL, 
one obtain.^ 

p Q4 ~ Qi Qv Q« 

' r(i+-ff)- ■ 

In this form the equation representing the heat balance has found wide 
iipplioation for computation of evaporation The result gives the 
evaporation in centimeters during the time intervals to which the values 
Q., and so on, apply, provided these are expressed in gram caloriee. 

A second method for computing the evaporation from the oceans haa 
been sui^Keeted by Sverdrup {1937), who, on the basis of results in fluid 
mechanics as to the turbulence of the air over a rough surface, establuhed 
a formula for the evaporation, using in part constants that had been 
determined by laboratory experiments and in part constant^ that were 
obtained from the character of the variation of vapor pressure with 
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bMceariitg above the sea surface. Similar but mom oomi^eatecl 
formulae have bem derived by Millar (1937) and by Mmrtgmnery (10M). 

The exact formulae are not wdl suited for numerical emnputation, 
but at wind velocities between 4 and 12 m/see, the mean annual evapora- 
tion in centimeters can be found i^proximatdy from the simple relation 

E == 3.7(1. - «,>a, 

where I. represents the average vapor pressure millibars at the sea 
surface as derived from the temperature and salinity of the sea, i, 
represents the average vapor pressure in the air at a height of 6 m above 
the sea surface, and u is the average wind vdocity in meters per second 
at the same height. 

.\vBRAO£ Annual Evaporation from thb Oceans. On the basis of 
pan measurements conducted in different parts of the ocean, Wiist (1930) 
found that the average evaporation from all oceans amounts to 93 cm/ 
year, and he considers this value correct within 10 to 15 per cent. W. 
Schmidt (1915) computed the evaporation by means of the preceding 
equation for E, in which the terms and Q, can be omitted in consider- 
ing the oceans as a whole. Schmidt introduced high values of R, and 
on the basis of the available data as to incoming radiation ancf back 
radiation he found a total evaporation of 70 cm/ycar. A revision based 
on more recent measurements of radiation (Mosby, 1936) and use of 
ft = O.l resulted in a value of 106 cto/year. The latter value represents 
an upper limit, and may be 10 to 15 per cent too high, whence it appears 
that Wiist’s result is nearly correct. 

It is of interest in this connection to give some figures regarding the 
relation between evaporation and precipitation over the oceans, the 
land areas, and the whole earth (according to Wiist, 1936). The total 
evaporation from the oceans amounts to 334,000 km*/year, of which 

297.000 km* returns to the sea in the form of precipitation, and the 
difference, 37,000 km*, must be supplied by run-off, since the salinity 
of the oceans remains unchanged. The total amount of precipitation 
falling on the land is 99,000 kra*, of which amount a little over one third, 

37.000 km*, is supplied by evaporation from the oceans and 62,000 km* is 
supplied by evaporation from inland water areas or directly from the 
moist soil. For the sake of comparison It may be mentioned that the 
capacity of Lake Mead, above Bouhier Dam, is 45 km*. 

Evaporation in Different Latitudes and Lonoitudes. From 
pan observations at sea, WOst has derived average values of Ute evapora- 
tion from the different oceans in different latitudes (table 30, p. .123). 
By means of the energy equation one can compute mmilar annual val- 
ues, assuming that the net transport of heat by ocean currents can be 
neglected, ^ch a computation has been carried out for the Atlantic 
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OeeMt, makiiig lue ci Kimball’s data (1928) as to Oie inoondiig 
and ths obsn’ved.tsmpmvtures and humidiUes for detmmmmg 
back radiation. In dg. 27 are shown Wtist’s values of the annual 
evaporation between latitudes SO^N and SO^S in the Atlantic Ocean 
and the corresponding values as derived from the energy equation. The 
agreement is very satisfactory. The low evaporation in the equatorial 
repons that both curves show can be ascribed to the higher relative 
humidities and the lower wind velocities of that area, if one considers 
the processes of evaporation, or it can be ascribed to the effect of ti»e 
prevailing cloudiness if one considers the energy relations. The great 



Fig. 27. Annual evaporation from the Atlantic 
Ocean between latitudes SO’N and 50°S. Ihin curve 
baaed on observations (WUst, 193b) and heavy curve <Ht 
computations, using the energy equation. 

evaporation in the areas of subtropical anticyclones appears clearly, 
but in the Southern Hemisphere the observations give the highest values 
of the evaporation nearer to the Equator than do the computations. 
The discrepancy may be due to the fact that in tbe course of a year the 
subtropical anticyclone changes its distance from the Equator and 
that the observations have not been distributed evenly over the year. 
The energy equation has also been used by McEwen (1938) for computing 
valu^ evaporation over the eastern Pacific Ocean between latitudes 
20®N and 60'*N. His figures agree with those obtained by Wiist for 
the same latitudes. 

It appears that the avenge annual values of the evaporation in 
different latitudes are well established, but evaporation also varies 
from the eastern to the western parts of the oceans and with the seasons. 
These variations are great importance to the circulation of the atmos- 
phere, beeause the supply of water vapor that later on cond^ses and 
gives off its latent heat reprments a large p<Mrtion of the supply <rf enwgy. 
So far, none of the details are known, but it is possible that approximate 
valuea the evaporation from different parts of the ocean and in different 
^basons can be found by means of the method propoaed by Sverdrup 
(1237) and used by Jacobs (1942). 
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AMUfVJkt VaJUATIOS of BrAFOBATfOi'T. TIi« ch*r»ct#r tlw MfiDtUi 
Fitfistion of ev»p<a«ti<wti cm be examined by meaaa of the eaargy eqw 
tkm (Sverdnip, 1940): 

Q. « «.(l + ft) - Q. - + Q# + Q- 

The quantity Q* can be computed if tiie annual variation of temperature 
due to ptoeeasea oi heating and cooling ia known %t all depths where such 
ft.Mniial variations occur. The annual variation Nd temperature at the 
surface has been examined, but only few data are available from subsur* 
face depths, the moat reliable being those which have been compiled by 
Helland-Hansen (1930) from an area in the eastern North Atlantic 
with its center in 47°N and 12*’W (p. 132). The radiation income in that 
area can be obtained from Kimball’s data (1928), the back radiation can 
be found by means of the diagram in fig. 25, and the transport by cur- 



A B 

Fig. 28. (A) Annual variation in tbe total amount of h as t, giM gtvan off to tha 

atmoqihere m an area of the North Atlantie (about 47*N, 12*W). (B) Corref^nd* 
ing diurnal variation near the Equator in the Atlantic Ooeaau (For explanation of 
rymbola, aee text.) 

rents, Q„ can be ne^ected. In fig. 28A are represented the annual 
variation of the net surplus of radiation, Q„ the annual variation of the 
amount of heat used for changing the temperature of the water, Qt, 
and the difference between these two amounts, Q«, which represents 
tire total amount of heat given off to the atmosphere. Hie greater part 
of the last amount is used for evaporation, and the curve marlmd Q, 
represents, therefore, approximately the annual variation oi the evapora- 
tion, which shows a maximum in the fall and early winter, a secondary 
minimum in February, foffowed by a secondary maximum in March, 
and a low mtnbmim in wimnwaf. In June and July no svaporation takM 
{dace. The total evapmatkm during tiis yaar ia sbmit 80 mn. 

This examine fflostrates a method d approach that may be appHsd, 
but so far the neceasaiy data for a more oomplste atady are laekfaig. 
Hm result timt the svaporation is at a mtnimnm in sununsr and at a 
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maximuitt m fall and early winter is in agreement with the conclusions 
that were drawn when discussing the process of evaporation in general. 

DmRNAL Variation of Evaporation. The diurnal variation of 
evaporation can be examined in a similar manner, but at the present time 
suitable data are available only at four Meteor stations near the Equator 
in the Atlantic Ocean (Defant, 1932; Kuhlbrodt and Reger, 1933). In 
fig. 28B the curves marked Q, and Q« correspond to the similar curves in 
fig. 28A, and the difference between these, Q«, shows the amount of heat 
lost during twenty-four hours, which is approxifitately proportional to 
the evaporation. The diurnal variation of evaporation in the Tropics 
appears to have considerable similarity to the annual variation in middle 
latitudes, and is characterized by a double period with maxima in the 
late forenoon and the early part of the night and minima at sunrise and 
in the early afternoon hours. It is possible that the afternoon minimum 
appears exaggerated, owing to uncertainties as to the absolute values of 
Qr and Qf. The total diurnal evaporation was 0.5 cm, but the sky was 
nearly clear on the four days that were examined and the average diurnal 
value is therefore smaller. The double diurnal period of evaporation 
appears to be characteristic of the Tropics, but in middle latitudes a 
single period with maximum values during the night probably dominates. 

Salinity and Temperohire of the Surface Layer 
The Surface Sauixitv. In all oceans the surface salinity varies 
with latitude in a similar manner. Tt is at a minimum near the Equator, 
teaches a maximum in about latitudes 20°N and 20°S, and again decreases 
toward high latitudes. 



Fig. 29. (A) Average vahies for all oceans of surface salinity (heavy curve) and 
the difference, evaporation minus precipitation (thin <nirve), plotted against li^tudc. 
(B) f^rmponding values of surface salinity a^ the difference - evaporation miatis 
precipitation, plotted against each other (according to What, 1934). 

Table 30 contains average values of the surfaee salinity, the evapora- 
tion, the precipitation, and the difference between the last quantities 
for the three fhajor oceans and for all combined, according to Wllst (1936). 
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On tile bene df these valuee, Wtket has tiioem tiu^ fer oeeen the 
deviation of the n^rfaM nUinity from a etandaid value ie diieetiy piopoiv 
tional to the difference between ev8p(nation, E, rad preeiintatioai 
P. In fig. 2QA are plotted the surface salinities for all oceans aini the 
difference, E -~.F, in centimeters per year, as functions of latitude; the 
corresponding values of salinity and the difference, E — P, rae plotted 
against each other. If the values of 5^N are omitted, because they disa- 
gree with idl others, the values fall nearly on a straight line leading to the 
empirical relationship 

S - 34.60 + 0.0176 (E - P). 

Wfist points out that such an empirical relationship is found because 
the surface salinity is mainly determined by three processes; decrease of 
salinity by precipitation, increase of salinity by evaporation, and change 
of salinity by processes of mixing. If the surface waters are mixed with 
water of a constant salinity, and if this constant salinity is represented by 
So, the change of salinity due to mixing must be proportional to So — S, 
where S is the surface salinity. The change of salinity due to processes 
of evaporation and precipitation must be proportional to the difference 
{E — P). The local change of the surface salinity must be sero; that is, 

dS/d< = a(So - S) + HE - P) - 0, 
or 

8 « So + - P). 

As this simple formula has been established empirically, it must be 
concluded that the surface watei is generally mixed with water of a 
salinity which, on an average, is 34.6 Vso- Tbb value represents approxi- 
mately the average value of the salinity at a depth of 400 to 600 m, and it 
appears therefore that vertical mixing is of great importance to the 
general distribution of surface salinity. This concept is confirmed by 
the fact that the standard value of the salinity differs for the different 
oceans. For the North Atlantic and the North Pacific, Wfist obtains 
similar relationships, but the constant term. So, has the value 35.30 Voo 
in the North Atlantic and 33.70 Voo in the North Pacific Ocean. The 
corresponding average values of the salinity at a depth of 600 m are 
35.5 Vooand 34.0 Vo». respectively. For the ^th Atlantic radtheSouth 
Pacific Oceans, Wfist finds So » 34.50 Voo and 34.64 Voo, respeetivtiy, rad 
the average salinity at 600 m in both oceans is about 34.5 V oo. In these 
considerationB thS effect of ocean currents on the distribution of surface 
salimty has been nei^ected, rad the simple relations obtained indicate 
that transport by ocean currents is of minor importance as far as 
conditions are ooneemed. The differrace betwera evaimration rad 
preeipi^tion, — P, on the other hand, is-of primary importraee, and. 
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beeaittw tfais ^Uffersaoe b itowly nlftted to the eirooleitioii d the ehoMO' 
ph««, oae ie hKl to tiM eoMurion thet the Kmege veluM of the eiuv 
feoe ealiiilliy ere to a great extent oontroBed by the oharaeter <rf the 
atm08|hflne eironlation. 

The distribution of surfaee salinity Ot the different oceans is shovn 
in chart VI, in which the genend features that have been discussed are 
recognised, but the detuls are so dosdy related to the manner in ediidi 
the water masses are formed and to the tsrpes of currents that th^ cannot 
be dealt with here. ' 

Pebiodic Variations or the Subtace Salinitt. Over a large area, 
variations in surface salinity depend mainly upon variations in the 

difference between evaporation and 
precipitation. From Bdhnecke’s 
monthly charts (1938)ofthe8urfaee 
salinity of the North Atlantic 
Ocean, mean monthly values have 
been computed for an area extend- 
ing between latitudes 18° and 42°N, 
omitting the coastal areas in order 
to avoid complications due to diifts 
of coastal currents. The results of this computation (fig. 30) show the 
highest average surface salinity, 36.70 •/*«, in March, and the lowest, 
36.59 V«i November. The variations from one month to another are 
irregular, but on the whole the saliltity is somewhat higher in spring than 
it is in the fall. 

Harmonic analysis leads to the result 



Fig. 30. Annual varistion of surface 
salinity in the North Atlantic Ocean 
between ladtudes 18*N and 42‘N. 


S< Voo) « 36.641 + 0.021 cos f - 80°), 

and thus 

~ 0.021^ cos (^<-850°). 

Because dS/dt is proportional to J5 — /*, it follows that the excess of 
evaporation over precipitation is at a minimum at the end of June imd at 
a maximum at the end of December. This annual variation corresponds 
dosdy to the annual variation of ev^poraticm (p. 122), for which reason it 
appears timt in the area under constderation the armual variation of the 
surface salinity is mainly ctmtrolled by the Variation in evs^Kiration 
during the year. For a more exact exanunation, subsurface data are 
needed, but notiui^ is known ss to the annual variatimi of sdinity at 
stibsarfaoe depths. 

Mme cmsyplteated eimdttioiis ate encountered in tiie aorthwestmii 
part of tin !Miiaatie Ocean, wlu»e, aceovding to O. Neumann (1940), 
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be t ireen tin Aiorai tad Newfouadhuod the anttiud variAtion of oaUrnty 
has the ehaneter ol a dieturbaoee that origibates to the southweet of 
Newfoundland and si»eads toward the east and eaetHxnitheaat. Off 
Newfoundland, the amplitude is 0.37 Vw and the maximum occurs about 
March 1 (phase angle equals -60 degrees). Toward the east and east- 
southeast the amplitude decreases and the maximum is reached later and 
later, as if the C^turbance progressed like a wave that was subject to 
damping. On the assumption that this damping is caused by hoiiscmtal 
mixing, Neumann finds that the corresponding coefficient of mixing lies 
between 2 X 10* and 6 X 10* cmVsec. 

From be open ocean no data are available as to the diurnal variatkm 
of be salinity of the surface waters, but it may be safely assumed that 
such a variation is small, because neither the precipitation nor the 
evaporation can be expected to show any considerable diurnal variation. 

Tabu 31 


AVERAGE SURFACE TEMPERATURE OF THE OCEANS BETWEEN 
PARALLELS OF LATITUDE 
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SvRVACK Tempsrature The genend distribution of surface tmn> 
perature cannot be treated in a manner umilar to bat employed by Wfisi 
when dealing with the salinity, because the factors controlling be surface 
temperature are far more complicated. The discussion must be confined 
to presentation of empirical data and a few general remarks. 

Table 31 contains the average temperatures of be oceans in diffearent 
latibdes according to Krilmmel (1907 1 , except in be case of the Atlantic 
Ocean, for which new data have been compUed by Bdhnecke (1938). 
In all oceans be highest values of the surface temperature are found soma* 
what to the north of the Equator, and this feature is probably related to 
the baracter of the atmospheric circulation in the two hemutdieies. 
The r^on ot the highest temperature, the bermal Equator, shifts wib 
the season, but in only a few areas is it displaced to the Soub^ Hmni- 
sphere at any season. The hurger displacemuits (Sbqtt, and 
Bdhnecke, 1938) ate all in regions in whidh be tmrfaee currents change 
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duiiiig tile year beeeuse of titeoges in the prevailing winds, Mid tills 
feature also is tiierefcne closely associated with the character of the 
atmospheric carculation. The surface temperatures in the Southern 
Hemisphere are generally somewhat lower than those in the Northern, 
and again the difference can be ascribed to difference in the character of 
the prevailii^ winds, and perhaps also to a widespread effect of the cold, 
idacieT'-covered Antarctic Contment. 

The average distribution of the surface temp^ature of the oceans in 
Febniary and August is shown in charts II and Hr. Again the distribu- 
tion is so closely related to the formation of the different water masses 
and the character of the currents that a discussion of the details must 
be postponed. 

Distbrsnce Between Air and Sea-surface Temperatures. It 
was pointed out that in all latitudes the ice-free oceans received a surplus 
of radiation, and that therefore in all latitudes heat is given off from the 
ocean to the atmosphere in the form of sensible heat or latent heat of 
water vapor. The sea-surface temperature must therefore, on an 
average, be higher than the air temperature. Observations at sea have 
shown that such is the case, and from careful determinations of air tem- 
peratures over the oceans it has furthermore been concluded th^t the 
difference, air minus sea-surface temperature, is greater than that derived 
from routine ships’ observations. In order to obtain an exact value, it is 
necessary to measure the sir temperature on the windward side of the 
vessel at a locality where no eddi^ prevail, but where, the air reaches 
the thermometer without having passed over any part of the vessel. For 
measurements of the temperature a ventilated thermometer mu.st be 
used. According to the MeUof observations ( Kuhlbrodt and Hegor, 1 938) 
the air temperature over the South Atlantic Ocean between latitudes 
55®S and 20*N is on an average 0.8 degree lower than that of the surface, 
wdieress in the same region the atlas of oceanographic and meteorological 
observations published by the Netherlands Meteorological Institute 
gives an average difference of only 0.1 degree. The reason for tills dis- 
crepancy is that the air temperatures as determined on commercial 
vcMels are on an average about 0.7 degree too high because of .the ships' 
heat. The result as to the average value of the difference, — d«, is 
in good agreement with results obtained on otfanr expeditions when 
special precautions were taken for obtaining correct air temperatures. 
Present atlases of air and sea-surface temperatures have been prepared 
from the directly observed values on board eomm^ial vesstis without 
application of a correction to the Mr tmnperatures. This correction Is so 
sB^ that it is minor importance when the atiases are used for climato- 
logical studies, but in May studies that require knowledge of the exact 
difference betjfreen w- and searSurfacMt temperatures it is neoesiaTy to be 
aware of the systematic error in the air temperature. 
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The difference ef 0.8 degprae between air and surface tempwatUfef t 
denved from the Meteor observations, is based on measuzementa ol ahr 
temperature at a hei|^t 8 m above sea level. At the very sea anrfaee 
the air temperature must coincide with that of the water, and 
quently the air temperature decreases within the layers ditec% above the 
SM. The most rapid decrease takes place, however, very close to the sea 
surface, and at distances greater than a few meters the decrease is so 
slow that it is immaterial whether the temperature is measured at 6, 8, 
or 10 m above the surface. The height at which the air temperature has 
been observed on board a ship exercises a minor influence, therefore, 
upon the accuracy of the result, and discreptmcies due to differences in 
the hei^t of observations are ne^i^ble compared to the errors due to 
inadequate exposure of the thermometer. 

The statement that the air temperature is lower than the water tem- 
perature is correct only when dealing with average conditions. In any 
locality the difference, — d,, generally varies during the year in such 
a manner that in winter the air temperature is much lower than the sea* 
surface temperature, whereas in summer the difference is reduced or the 
sign is reversed. The difference also varies from one region to another 
according to the character of the circulation of the atmosphere and of the 
ocean currents. These variations are of great importance to the local 
heat budget of the sea because the exchange of heat and vapor between 
the atmosphere and the ocean depends greatly upon the temperature 
difference. 

It was shown that the amount of heat given off from the ocean to 
the surface is, in general, great in winter and probably ne^i|pble in 
summer. Owing to this annual vatiation in the heat exchange, one must 
expect that in winter the air over the oceans is much warmer than tiie air 
over the continents, but in summer the reverse conditions should be 
expected. That such is true is evident from fi computation of the average 
temperature of the air between latitudes 20'’N and 80*^ along the 
meridian of 120**E, which runs entirdy over land, and along the meri<San 
of 20*W, which runs entirely over the ocean (von Hann, 1915, p. 146). 
In January the average temperature along the “land meridian” of 120°E 
is —15.9 decrees C, but along the "water meridian” of 2(J®W it is 6.3t 
degrees. In July the corresponding values are 19.4 and 14.6 degrees, 
respectivdy. Thus, in January the air temperature between aO“N and 
80‘*N over Uie water meridian is 22.2 degrees higher than that ovm* the 
land meridian, whereas in July it is 4.8 degrees lower. The mean annual 
temperature hi 7.0 itegrees higher along the water meridian. 

Ankpai. Variation or Sprfacb Tbmtbratpbr. The annual varm- 
tion of surface temperature in any refpon depends upon a number of 
fsetors, foremost among which are the variation dvuing tiio you of the 
rsdiation income, tiie Character of the ocmd currents, and of the pmvaS- 



ISO mmmmM op iiMPoiAim smm, ofNS^ 

iag wuMb. T1 m» ^Mae(«r <|f tii» umual variation of th^ suifaea tem- 
paratme i^aafes from <Hie locality to another, bat a fear of the 
feeAuree ean be pirated out. The heavy corvee in fig. 31 riiow tibe 
average Mwin^ range of the surface tonperature in diffoent laritudes 
in the Atlantic, the Indian, and the Pacific Oceans. The range repre- 
erats the differei^ between the average temperabires in February and 
Augmt and is derived for the Atlantic from BbLnecke's tables (1938), 
and, for tiie Indian rad the Pacific Oceans, froi^ tibe charts published 



Fig. 31. Average snnaal ranges of surface temperature in the different oceans 
{dotted against Utitude (heavy eurves) and eorresiwnding ranges in the radiation 
income (thin ourvee). 


by Schott {1035}. Thin lines in the same figure show the range of the 
radiation income as derived from Kimball's maps (1928). The curves 
bring out two characteristic features. In the first place they show that 
tits annual range of the surface temperature is much greater in the North 
Atlantic rad the North Pacific Oceans than in the southern oceans. 
In the second place they show that in the southern oceans the tempera- 
ture range is definitely related to the range in radiation income, whereas 
in the northern oceans no such definite relation appears to exist. Hie 
great ranges in the northern oceans are associate with the character 
the prevailing winds and, particularly, srith the fact that odd winds 
' blow from the continents toward the ocean and grMtIy reduce the winter 
temperatures. Near the Equator a semiannual variation is present, 
corresponding to the semiannual period of radiation moome, but in 
middle and hi|^ier latitudes Jhe annual period dominates. 
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Annual Vamation or Tsmpxratviib in ten Subtacs Latbeb. At 
subsurfaee depthb the venation ci temperature u p«H * four 

factors: (1) variation of the amount of Imat that is directiy abeorbed at 
different depths, (2) the effect of heat conduction, (3) variation m ^e 
currents related to lateral displacement of water mawnw, and (4) the 
effect of vertical motion. The annual vuiation of temperature at 
subsurface depths cannot be dealt with in a general manner, owing to 
lack of data, but it is again possible to point out some outstanding 
characteristics, using two examples from the Pacific and one fitmi the 
Atlantic Ocean. The effects of all four of the important factors are 
illustrated in fig. 32A, which shows the annual variation of temperature 
at the surface and at depths of 25, 50, and 100 m at Monterey Bay, 



Fig. 32. (A) Annual variation of temperature at different depths in Monterey 

Hay, California. IB} .Annual variatu..- of temperature at different depths in tho 
Kuroshio off the South Coast of Japan. 


(i^alifomia (Skogsberg, 1936). Skopberg divides the year into three 
periods: the period of the Davidson Current, lasting from the middle of 
November to the middle of February; the period of upwelling, between 
the middle of February and the end of July; and the oceanic period, 
from the end of July to the middle of November. The California 
Current off Monterey Bay during the greater part of the year is directed 
to the south, but during winter, from tiie middle of November to the 
middle of February, an inshore flow to the north, the Davidson Current, 
is present (p. 724). The water of tiiis Inshore flow is characterised by 
relativriy high and uniform temperature and appears in the mmual 
variation of temperature as warm water at subsurface depths. The 
upper homogenous layer is relatively thick, as is evident from the 
fact that the temperature is nearly the same at 25 m as it is at tiie surface, 
and that at 60 m it is only slightly lower. At the end of Fettfuary the 
Caliform Gunrnii again readies to the coast and, under^the in&ienee 
of the prevailing northwesterly vrinds, air overturn of the upper layeini 
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tAksB i^aoe that is gsnerally described ss upwelliug (p. 501). During 
tl» p«riod of upwdling, ▼ertieal motion noM the coast brings water of 
relarively low temperature toward the surface. CSonsequently, the tem- 
peratures at given depths decrease when the upwriling bef^. This 
Crease is brought out in fig. 32A by the downwturd trend of the tem- 
perature at 25, 50, and 100 m, at which depths the minimum temperature 
is reached at the end of May. The much higher temperature at the 
surface as compared to that at 25 m shows thatvS thin surface layer is 
subject to heating by radiation, and from the variation of temperature 
at 10 m, which is shown by a thin line, it is evident that the effect of 
heating is limited to the upper 10 m. As the upwelling gradually ceases 
toward the end of August, a sharp rise in temperature takes place both 
at the surface and at subsurface depths, and the peaks shown by the 
temperature curves in September are results of heating and conduction 
and intrustion of offshore water. Thus, the annual march of temperature 
can be explained from changes in currents, vertical motion associated with 
upwelling, seasonal heating and cooling, and heat conduction. 

The annual variation of temperature in the Kuroshio off the south 
coast of Japan (Koenuma, 1939), as shown in fig. 32B, gives an entirely 
different picture. The annual variation has the same character all 
depths between the surface and 100 m, with a minimum in late winter 
and a maximum in late summer or early fall, but the range of the varia- 
tion decreases with depth, and the time of maximum temperature occurs 
later with increasing depth. From the course of the curves it may be 
concluded that the annual variation is due to heating and cooling near 
the surface and is transmitted to greater depths hy processes of conduc- 
tion (p. 136). This appears to be correct, but the heating and cooling is 
only partly caused by variations in the net radiation, and it also depends 
on excessive cooling in winter by cold and dry winds blowing toward the 
sea (Sverdrup, 1940). 

In nrder to be certain that observed temperature variations are 
related to processes of heating and cooling only, it is necessary to examine 
whether the water in a given locality is of the same character throughout 
the year. For this purpose Helland-Hansen (1930) developed a method 
that is applicable in areas in which it is possible to establish a definite 
relation between temperature and salinity (p. 142). He assumed that 
any temperature value above or below that determined by the tem- 
perature-salinity relation can be considered as resulting from heating or 
cooling of the water, and he used the method witiiin three areas in the 
eastern North Atlantic. Fig. 33 shows the curves which he determined 
for an area off the Bay of Biseay with its center in approximately 47®N 
and 13*W. The chai^ter of the curves, the reduction of the range, 
and the displacement of the.time8 of maxima dearly show that one has to 
deal with heat conduction. In this case the variation In the boat content 
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oorretpond$ neuiy to tiie variatioa in not radiatioii, iniiorMBi in the 
Kuroahio the edditiouel effect <rf excemve cooling in winter by winds 
from the continent lends to much gmter verietlons in temperature and 
heat contmit. 

These examples serve to illustrate different types of variation 
of temperature that may be encountered in different localities and also 
to stress the fact that conclusions as to the temperature variations 
associated with processes of local heating are valid only if the data are 
such that the influences of shifting currents and vertical motion can be 
eliminated. 

Diurnal Variation of Surfacs Tsupsraturs. The range of the 
diurnal variation of surface temperature of the sea is not more» on an 
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Fig. 33. Anaaal variation of temperature at different 
deptha off the Bay Biscay in approximatriy 47*N and 
12*W. 

average, than 0.2 to 0.3 degree. Earlier observations gave somewhat 
higher values, particularly in the Tropics, but new, careful measurements 
and reexamination of earlier data in which doubtful observations have 
been eliminated have shown that the range of diurnal variation is quite 
small. Meinardus (Kuhlbrodt and R^r, 1938, p. 301-302) sum- 
marises his examination of a large number of data by stating, “in general, 
the diurnal variation of water temperature in lower latitudes can be repre- 
sented by a sine curve with extreme values between 2:30‘ and 3^ and 
between 14:30^ and 15^, and a i»nge of 0.3* t6 0.4°. In higher latitudes 
the extreme values come later and the range is even smaller.” The 
AfeUar observations give ranges of only 0.2 to 0.3 degree in the Tropica. 
The data and the Challenger data, which have been dtscussed by 

Wegemann (1920), botii show that close to the Equator the diurnal 
variation of surface temperature is somewhat unsymmetrical, the 
temperature inm^easing rapidly after sunrise and decreasing slowly 
»fter sunset, but at greater distances from the Equator the curve becomes 
somewhat more avmmetrieat. 
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throof^ the yeer oS die ruigo of diunud vmrietio& oi 
etj^iMe tmipMtttttre have heMi exomiaed in some ooMtoi areas. ; At 
forty^Our etations around die British Isle8> Diekson {see Wegenann, 
1320) found that on an ava*age the diurnd range varied between OJSO 
decree in Decanber and 0.69 degree in May. At individual stations 
both the mean anmiftl range and the variation of the range from mondi to 
month were d^>eiident upon the exposure of the locality and the depth 
of the water at which the measurements werl^ made. This annual 
variation in range is closely related to the annual variation in the diurnal 
amount of net heat received by processes of radiation. 


Tablb 32 

RANGE OF DIURNAL VARIATION OF SURFACE TEMPERATURE IN THE 

TROPICS 


Wind and cloudinesa 

Temperature range, 

Average 

Maximum 

Minimum 

1. Moderate to fresh breese 




a. Sky overcast 

0.39 

0.6 


b. Sky clear 

0.71 

1.1 

! D.8 

2. Calm or very light breeze 



i 

a. Sky overcast 

0.93 

1.4 

0.6 

b. Sky clear 

1.39 

1.9 

1.2 


The range of the diurnal variation of temperature depends upon 
the cloudiness and the wind velocity. From observations in the Tropics, 
Schott (Krhmmel, 1907) found the mean and extreme values that are 
shown ii. table 32. Similar results but higher numerical values were 
found by Wegemann from the Challenger data. In both cases the 
numerical values may be somewhat in error, but the character of the 
influence of cloudiness and wind is quite evident. With a clear sky 
the range of the diumd variation is great, but with great cloudiness it is 
small, at calm or light breeze it is great, and at moderate or high wind 
it is small. The effect of cloudiness is explained by the decrease of the 
diurnal amplitude of the incoming radiation with increasing cloudiness. 
The effect of the wind is somewhat more complicated, but the main 
feature is that at high wind velocities the wave motion produces a 
thorough mixing in the surface layers and the heat which is absofbed in 
the upper meters is distributed over a thick layer, leading to a small 
range of the temperature, whereas m calm weat^r a correspmiding 
intensive miring does not take place, the heat is not distributed over a 
thick layer, ^and consequently the range of the Umperature iwar U>e 
surface is much ipeater. 
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OnimAL Va«u.tion or TninnuTiniB m «a Umm JAtm. 
Knovnod|6 m to the diurnal variation of temperature at d f^ rthi bdoir 
the B^aee ie very scanty. It can be assumed that the depth at iriiidh 
the diurnal variation is perceptible will depend greatly upon the stratifica* 
rion of the water. A sharp increase of density at a short distanee below 
the free-water surfMe will Umit the conduction of heat (p. 477) to sueh 
an extent that a diurnal variation of temperature will be present above 
the boundary surface only. 

On the MUeor expedition, hourly temperature observations were 
made at the surface and at a depth of 50 m at a few starimis in the 
Tropics where an upper homogeneous layer was present which had a 
thickness of 70 m. Defant (1932) has diown that in these cases the 
diurnal oscillation of temperature at subsurface depths is in agreement 
with the laws that have been derived on the assumption of a constant 
heat conductivity (p. 136). At 50 m the amplitude of the diurnal varia- 
tion was rcsduced to less than two tenths of the amplitude at the surface, 
and the maximum occurred about 6.5 hours later. 

The diurnal variation of sea temperature in general is so small that 
it is of little importance to the physical and biologpcal processes in the 
sea, but knowledge of the small variations is essential to the study 
of the diurnal exchange of heat between the atmosphere and the sea 
(p. 124). The data which are available for this purpose, however, are 
very ina<lequate at the pre.scnt time. 

Theory of the Periodic Voriotiom of Temperotvre at Subsurface Depths 

Subsurface temperature variations due to processes of heat conduc* 
tion can bo studied by mesms of the equation (p 159) 



where p is the density and A is the eddy conductivity which, in general, 
varies with depth and time. When one writes M/dt, the local change in 
temperature, in this form it is supposed that heat conduction takes place 
in a vertical direction only and that advection can be neglected. The 
terms "local change” and "advection” are explmned on p. 157. An 
integral of equation (1) is easily found if A/p w constant, if the average 
temperature ia a Unear function of depth, and if the tmnperature varia- 
tioi» at Ute surface (« •• 0) can be repreeented by means of a aeries of 
harmome terms: 

d* »» 5 4* 0i cos (vf ®») "f* Us cos (2ri “• «i) 4* ’ ‘ * i (fV, 2) 
where » » Jhr/7* and T is the period length of the first hamumic term. 

Then iP, » # 4- iw 4- oi#^ cos (#f - cii ~ fit) 

4- (HIT'** COB (in* - - r»«) 4* 


* « • 


, W,») 
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rt * 




(IV, 4) 


Thus, the amplitudes oi the hannonio terms decrease exponentially with 
depth and the phase increases linearly. 

Defant (1932) has diown that at the Meteor anchor station no. 288 in 
latitude ]2°38'N, longitude 47”36'W, the diurnal vi^tion of temperature 
in the upper hom<^neoua layer indicated a constimt eddy conductivity. 
The amplitudes of the diurnal term at the surface and at M m were 0.093 
and 0.017 degree, respectively, and the phase difference was 6.5 hours. 
With p » 1.024, and T » 24 hours, he obtained from both the decrease 
of the amplitude and the difference in phase angle A <= 320 g/cm/sec. 

In cases in which the annual variation of temperature has been 
examined, tite decrease of amplitude and change of phase give different 
values of A, indicating that A is not independent of depth and time, as 
assumed whmi performing the integration. Fjeldstad (1933) has 
developed a method for computing the eddy conductivity if it changes 
with depth, provided that the periodic temperature variations are known 
at a number of depths between the surface and a depth, h, at which they 
are supposed to vanitii. He arrives at the formula 



where On is the amplitude of the nth harmonic term and a„ is the phast* 
angle. 

Fjeldstad has applied the method to the annual temperature varia- 
tions off the Bay of Biscay, which have been determined by Hejland- 
Hansen (p. 132). He found, with p « 1.025, 

Depth (m). 0 25 50 100 

Amplitude, a,, *C 3 78 8 24 1 24 0 23 

PhsK angle, «. 225,1* 235 2* 254 7* 289 3” 

Eddy conductivity, g/cm/sec 10 4 32 21 38 

Several features show, however, that the observed temperature 
variations cannot be accounted for by assuming that the eddy conduc- 
tivity varies with depth only, and variations with seasons also must be 
considered. I^tidst^ has examined this question and finds that the 
conductivity reaches a maximum in spring when the stability is at a 
minimum, but the values remain small throughout the year. 

Fjeldstad's method can aho be applied to the annual variation of 
temperaturo in the Kuroehio, whidh haa been discussed by Koenuma 
(1939) (fig. 32B, p. 131). It ve necessary, however, to make the reeervsr 
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tioa that in the KurtMAiio area the advecthm term (p. 1S9) ii great 
(Sverdrup, 1940) and that the use of equation (IV, 5) is thmefore correct 
only if ^ advection term is indepmuient of time and chq;>th. The 
harmonic constants and the results, with p >■ 1.025, ate 


DepUi (m).. 

Amplitude, a,, *C. 

Amplitude, au *C. 

PhsM angle, at ■ . 

Rmee angle, a, . 

Eddy oonduetivity, At, g/em/sec 
Eddy oonduetivity, A«, g/em/seo 


0 

25 

50 

100 

900 

4.26 

3.97 

3.49 

2 09 

0.71 

0.5S 

0.49 

0 44 

0 39 

0.14 

250 2^ 

253 6® 

258 7® 

271.8® 

280.3* 

71.4® 

81 0® 

100 0® 

135 5® 

152 «* 

7S 

34 

23 

22 

20 

58 

43 

39 

32 

29 


Both the annual and the semiannual periods have been used for 
computing the eddy conductivity, and the agreement between the values 
of A derived from them must be considered satisfactory, in view of the 
small amplitudes of the semiannual variation. The numerical values 
decrease with depth, but are much greater than off the Bay of Biscay, 
as might be expected, because the high velocity of the Kuroshio must 
lead to intense turbulence. A possible annual variation of the eddy 
conductivity has not been examined. 

In the Kuroshio region, where the velocity of the current is great and 
the turbulence correspondingly intense, the funnual variation of tem- 
perature becomes perceptible to a depth of about 300 m, but in the Elay 
of Biscay it is very small at 100 m It can therefore safely be concluded 
that below a depth of 300 m the temperature of the ocean is not subject 
to any annual variation. 

The eddy conductivity off the Bay of Biscay and in the Kuroshio 
r^on is much smaller than that ii. the upper homogeneous layer near the 
Ek)uator The difference can be ascribed to the facts that in the former 
localities the density increases with depth and that the eddy conductivity 
is greatly reduced where this takes place (p 477). 


Distribution of Density 

The distribution of the density of the ocean waters is characterised 
by two features. In a vertical direction the stratification is generally 
stable (p. 416), and in a horisontal direction differences in density can 
exist only in the presence of currents. The general distribution of density 
is therefore closely related to the character of the currents, but for the 
present purposes it is sufficient to emphasize the point that in every 
ocean re|pon water of a certain denrity which sinks from the sea surface 
tends to sink to and spread at depths where that density is found. 

Since the density of sea water depends on its temperature and salinity, 
processes that alter the temperature or the salim’ty influence the 
density. At the surface the density Is d^reased by heating, addition 
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of fwecipIto'Uon, mdt-wAtra* from ice, or nm<off frmn land, and is 
ineroased by cooling, evi^wraioon, or fonnation of ice. If the doudty 
of the suifaoe water is increased b^ond that of the underlying strtta, 
vertical convection currents arise that lead to the fonnation of a layer ot 
hmnogeneous water. Where intensive cooling, evaporation, or freeiing 
takes place, the vertical convection currents penetrate to greater and 
greater depths until the density has attained a uniform value from the 
surface to the bottom. When this state has been established, contmued 
increase of the density rtf the surface water leads to an accumulation of 
the densest water near the bottom, and, if the process continues in an 
area which is in free communication with other areas, this bottom water 
of great density spreads to other regions. Where deep or bottinn water 
of greater density is already present, the sinking water spreads at an 
intermediate level. 

In the open oceans the temperature of the surface water in lower 
and middle latitudes is so high that the density of the water remains 
low even in regions where excess evaporation causes high salinities. 
In these latitudes convection currents are limited to a relatively thin 
layer near the surface and do not lead to the fonnation of deep or bottom 
water. Such formation takes place mainly in high latitudes where, 
however, the excess of precipitation in most regions prevents the develop- 
ment of convection currents that reach great depths. This excess of 
preciintation is so great that deep and bottom water is formed only in 
two cases: (1) if water of high salinity which has been carried into high 
latitudes by currents is cooled, and (2) if relatively high-salinity water 
freeses. 

The first conditions are encountered in the North Atlantic Ocean 
where water of the Gulf Stream system, the salinity of which has been 
rmsed in lower latitudes by excessive evaporation, is carried into high 
latitudes. In the Irminger Sea, between Iceland and Greenland, and 
in the l<abrador Sea this water is partly mixed with cold water of low 
salinity which flows out from the Polar Sea (p. 6S2). This mixed water 
has a relatively high salinity, and, when cooled in winter, convection 
cunente that may reach from the surface to the bottom develop before 
any fonnation of ice bei^. In this manner deep and bottom water is 
formed which has a hi|^ salinity and a temperature which lies several 
degrees above the freesing point of the water (table 82, p. 683). A 
aimUar proceas takes place in the Norwegiaa Sea, but there deep and 
bottom water is formed at a temperature that deviates only sBgbtly 
from the freeang tmnpmtutes (p. 657). 


b & till ^ 

^T??.***’^**^* '»>'«« » very low Jn ilie MpOBS wlhWS IwSBOg 
me eea by the SuberUn nVem. Ckme to iba Aptatctfc 



oisrawuTioN OF TCMpaiAiuR^ SAUMTY, omsm 


f39 


Continent fcmnation of bottom water by freesU^ ie of tbe groateet 
importance. At eome distance from the Antarctic Continent tbe great 
excess of precipitation maintains a low surface salinity, and in these 
areas winter freesing is not great enough to increase the salinity suffi* 
eiently to form bottom water, but on smne parts oS the continental tiietf 
surrounding Antarctic a rapid freesing in winter leads to the formation 
a homogeneous water that attains a higher density titan tbe water <318 tiie 
shelf, and therefore flows down the continental slope to the 0ceatest 
depths. When sinking, the water is mixed with circumpolar water of 
somewhat higher temperature and salinity, and hence the resulting bot- 
tom water has a temperature slightly almve freezing point (p. 611). 
An active production of bottom water takes place to the south of the 
Atlantic Ocean, but not within the Antarctic part of the Pacific Ocean. 

In some isolated adjacent seas tbe evaporation may be so intense 
that a moderate cooling leads to the formation of bottom water. This is 
the case in the Mediterranean Sea and the Red Sea, and to some extent 
in the inner part of the Gulf of California, in which the bottom water 
has a high temperature and salinity and is formed by winter cooling of 
water whose salinity has been increased greatly by evaporation. Where 
such seas are in communication with the open oceans, deep water flows 
out over the sill, mixes with the water masses of the ocean, and spreads 
out at an intermediate depth corresponding to its density (pp. 670 and 
693). 

In general, the water of the greater densUy is formed in high latthides^ 
and because this water sinks and fills all ocean basins the deep and bottom 
water of all oceans is cold. Only in a few isolated basins in middle 
latitudes is relatively warm deep and bottom water encountered. When 
spreading out from the regions of formation the bottom water receives 
small amounts of heat from the interior of the earth, but this heat is 
carried away by eddy conduction and currents, and its effect on tiie 
temperature distribution is imperceptible. 

Sinking of surface water is not limited to regions in which water 
of particularly high density is formed, but occurs also wherever conveiging 
currents (convergences) are present, the sinking water spreading at inter- 
mediate depths according to its densily. In general, the dentity of the 
upper layers increases from the Tropics toward the Poles, and water that 
sinks at a convergence in a high latitude therefore spreads at a greater 
depth than water that tanks at a convergence in mid^e latitudes. 

The most conspicuous convergence is the Antarctic Convergence, 
which can be traced all around the Antarctic Continent (fig. 158, p. 606). 


72^ a l6w uMi^, hal U Jm 

has a low tempemture and consequently a relatively hiidi density. This 
water, the Aatantic Intermediate Water. spr«^ 

'wiiiter and isr fiiwcsAt in all eoutham oceanic at depths betw 
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800 m. The oorrespondiBg Arctic Convergence is poorly developed in the 
North Atlantic Ocean, where an Atlantic Arctic Intermediate Water is 
practically lacking, but is found in the North Pacific, where Pacific 
Arctic Intermediate Water is typically present. 

In middle and lower latitudes two more convergences are found, 
the Subtropical and the Tropical Convergences. These are not so well 
defined as the Antarctic Convergence, but must be considered more as 
regiotu in which converging currents are presi^nt. The Subtropical 
Convergence is located in latitudes in which the"' density of the upper 
layers increases rapidly towa|d the Poles. The sinking water therefore 
has a higher density the farther it is removed from the Equator and will 
Spread out at the greater depths. 

In the Tropics the density of the surface water is so low that, regard- 
less of how intense a convergence is, water from the surface cannot sink 
to any appreciable depth but spreads out at a short distance below the 
surface. A sharp boundary surface develops between this light top 
layer and the denser water at some greater depth. 

In order to account for the general features of the density distribution 
in the sea, emphasis has been placed on descending motion of surface 
water, but regions evidently must exist in which ascending motionepre- 
vails, because the amount of water that rises toward the surface must 
exactly equal the amount that sinks. Ascending motion occurs in 
regions of diverging currents (divergences), which may be present any- 
where in the sea but which are particularly conspicuous along the western 
coasts of the continents, where prevailing winds carry the surface waters 
away from the coasts. There, the upmlling of subsurface water takes 
place, which will be described when dealing with specific areas. The 
upwelling brings water of greater density and lower temperature toward 
the surface and exercises therefore a widespread influence upon conditions 
off coasts where the process takes place, but the water rises from depths 
of less than a few hundred meters. Ascending motion takes place on a 
large scale around the Antarctic Continent, particularly to the south of 
the Atlantic Ocean, where rising deep water replaces water that con- 
tributes to the formation of the Antarctic bottom water and also replaces 
water that sinks at the Antarctic Convergence. 

It is evident from these considerations that in middle and low lati- 
tudes the vertical distribution of density to some extent reflects the 
horizontal distribution at or near the surface between the Equator and 
the Poles. It is also evident that, in general, the deeper water in any 
v.ertical column is composed of water from different source regions and 
was once present at the surface somewhere in a higher latitude. Such 
generalizations are subject, however, to modifications within different 
ocean areas^ owing to the character of the currents, and these modifica- 
tions will be discussed when ideating with the different oceans. 
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Subsurface Distribution of Tomporoturo and SoHidty 

The general distribution of temperature is closely related to that of 
the density. In high latitudes the temperature is low from the surface 
to the bottom. The bottom and deep waters that spread out from high 
latitudes ret^ thrir low temperature, but in middle and lower latitudes 
a warm top layer is present the thickness of which depends partly on the 
processes of heating and cooling at the surface and partly on the char- 
acter of the ocean currents. This upper layer of warm water is separated 
from the deep water by a transition layer within which the temperature 
decreases rapidly with depth. From analogy with the atmosphere, 
Defant (1928) has applied the terms troposphere and etratosphere to two 
different parts of the ocean. Troposphere is applied to the upper layer of 
relatively high temperature that is found in middle and lower latitudes 
and within which strong currents are present, and stratoephere to the 
nearly uniform masses of cold deep and bottom water. This distinction 
is often a useful one, particularly when dealing with conditions in lower 
latitudes, but it must be borne in mind that the terms are based on an 
imperfect analogy with atmospheric conditions and that only some of 
the characteristics of the atmospheric stratosphere find their counterparts 
in the sea. 

So far we have mainly considered an ideal ocean extending to high 
northerly and high southerly latitudes. Actually, conditions may be 
complicated by commimication with large basins that contribute to the 
formation of deep water, such as the Mediterranean Sea, but these cases 
will be dealt with specifically when we consider the different regions. 
Conditions will be modified in other directions in the Indian and Facifir 
Oceans, which are in direct communication with only one of the polar 
regions, and these modifications will also be taken up later. Here it 
must be emphasized that the general distribution of temperature is 
closely related to the distribution of density, which again is controlled 
by external factors influencing the surface density and the type of deep- 
sea circulation. 

The general distribution of salinity is more complicated than that of 
temperature. Within the oceanic stratosphere the salinity is very 
uniform, but within the tropospher^it varies greatly, being mainly 
related to the excess of evaporation over precipitation. The distribution 
of surface salinity, which was discussed on pp. 124 and 125 is, in general, 
characteristic of the distribution within the troposphere, as is evident 
from the vertical section in figs. 210 and 212, which will be dealt with in 
detail later on. 

The Wafer Manes of the Oceons 

The T~S Diaoram. Water masses can be classified on the basis 
of their temperature-salinity eharacteristics, but density cannot be used 
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for classification, because two water masses of different temperatures and 
salinities may have the same density. For the study of water masses it is 
convenient to make use of the tmperalure-adUnity diagram, which was 
introduced by Helland-Hansen (1916). Helland-Hansen points out 
that when in a given area the temperatures and corresponding salinities 
of the subsurface water are plotted against each other, the points generally 
fall on a well-defined curve, the T-S curve, showing the temperature- 
salinity relationship of the subsurface water of that region. Surface 
data have to be omitted, because annual variations and local modifications 
lead to discrepancies. ^ 

The corresponding temperature and salinity values in a water column 
are found to arrange themselves according to depth. The depths of 
the observed values can be entered along the T-S curve, which then will 
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Fig. 34. Left; Temp 3 ratur« and salinity at AilmUte stations 1638 and 1640 in 
the Qulf Stream off Onslow Bay plotted against depth. Right: The same data plotteii 
in a T-S diagram in which ffrcurves have been '•ntered. 

also give information as to variation of temperature and salinity with 
depth. 

Since the density of the water at atmospheric pressure, which is 
expressed by meaas of a, (p. 56 ), depends only on temperature and 
salinity, curves of equal values of a, can be plotted in the T-S diagram. 
If a sufficiently large .scale is used, the exact at value corresponding to any 
combination of temperature and salinity can be read off and, if a small 
scale is used, as is commonly the case, approximate values can be obtained. 
The slope of the observed T-S curve relative to the a, curves gives 
immediately an idea of the stability of the stratification (p. 417). 

.A T-S diagram is shown on the right in fig. .34. On the l^t in the 
same figure the observed temperatures and salinities at the Atlantis 
stations 1638 hnd 1640 in the Gulf Stream off Onslow Bay are plotted 
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agaiiMt depth, and on the ri(^t the same values are entered in a TS 
diagram. The depths of a few of the observations are indicated. In 
this case, the temperature-safinity values between 277 and 461 m at 
station 1638 agree with those between 800 and 790 m at station 1640, 
indicating that at the two stations water of similar characteristics was 
present, but at different depths. 

The T-S diagram has become one of the most valuable tools in 
physical oceanography. By means of this diagram characteristic 
features of the temperature-salinity distribution are conveniently repre- 
sented and anomalies in the distribution are easily recognised. The 
diagram is also widely used for detecting possible errors in the deter- 
mination of temperature or salinity (p. 358). 

Wateb Masses and Theib Formation. Following Hclland-Han- 
sen’s original suggestion, a water mass is de6ned by a T-S curve, but in 
exceptional cases it may be defined by a single point in a T^S diagram; 
that is, by means of a single temperature and a single salinity value 
These exceptional cases are encountered in basins where homogeneous 
water is present over a wide range of depth. A water type, on the other 
hand, is defined by means of single temperature and salinity values, 
but a given water type is generally present along a surface in the sea 
and has no thickness Only in the exceptional cases that were referred 
to are the terms “water type” and “water mass ” interchangeable, but in 
oceanographic literature the terms have been used loosely and without 
the distinction that has been introduced here. 

In many areas the T~S curves are straight lines or can be considered 
as composed of several pieces of straight lines. Elementary considera- 
tions show that a linear relation between temperature and salinity 
must result if the water types that can be defined by the end points of 
the straight line mix in different proportions. Similarly, a curved T-S 
relation may result from the mixing of three different types of water. 
Fig. 35 illustrates in two simple cases how progressive mixing alters 
the temperature-salinity relation. These considerations are of a for- 
malistic nature, but have in many instances led to the concept that 
certmn water types exist and that the T-S relations that are observed 
represent the end results of mixing between the types. This concept 
presupposes that the water types (often referred to as water masses) 
are continually renewed, because, if th^t were not the case, processes 
of mixing would ultimately lead to the formation of homogeneous water 
It is possible, however, to account for the character of the T-S curves 
in the ocean by considering other processes. 

In the firtt place it should be observed that a water mass of uniform 
temperature and salinity is rarely formed in the open ocean. In high 
latitudes, where convection currents in winter may reach to the bottom, 
most of deep and bottom water will not be uniform, bediuse in some 
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yWB tb^ density of the surfeoe water wiU be greater than in other sreare 
and the conTection ounent win reach to different depths, depending 
upon how much the density of the surface water has been increased. 
As a consequence, even in these areas the density increases toward the 
bottom. The bottom water is not homogeneous, and shows therefore 
a definite temperature-salinity relationship. In the second place, sinking 
at convergences in middle latitudes may lead, as pointed out by Iselin 
(1939), to the formation of a water mass with a T~S curve that reflects 
the horisontal distribution of temperature and salinity at the surface. 
The upper part of fig. 36 illustrates this point, '^he fi^re represents a 
schematic cross section in which are entered isotherms and isohalines 
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K*. 38. Diagrammatic rcpresentatiou of results of vertical 'mixing of water 
types. To the left the results of mixing are shown by temperatures and salinities 
as funotions of depth, and to the right are shown in three TS diagrams the initial 
water types (1) and the TS relations produced by progressive mixing (2 and 3). 

that are all parallel and out the surface. The <ri curves have not been 
plotted, but are parallel to the isolines. The indicated system will 
remain Stationary if sinking of surface water takes place between the 
lines a and b and if the sinking water remains on the same o, surface. 
It will also remain stationary if mixing takes place along or across <rt 
surfaces. These processes will lead to the formation of a water mass that 
between the curves a and b always shows the same temperature-salinity 
relation — namely, the relation that is found along the sea surface. 
Iselin showed that the horizontal T-S curve along the middle part of the 
North Atlantic Ocean is very similar to the vertical T-S curve that is 
characteristic between temperatures of 20* and 8* over large areas of 
the North Atlantic Ocean, and he .suggested that processes of sinking 
and lateral mixing are mainly responsible for the formation of that 
water. Extensive use of this concept will be made in the chapter dealing 
with the water masses and currents of the oceans. 
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However, a amilar TS rdationship caa be eetablidied by diffMent 
processes, as illustrated in the lower part of fig. 36. It is here assumed 
that two water types, a and b, are formed at the surface aud sink along 
their characteristic v, surfaces. It is furthermore assumed that at sub- 
surface depths mixing takes place between these two water types, whereas 
near the surface external processes influence the distribution of tempera- 
ture and salinity so that there the different curves cross each other. In 
these circumstances one obtains a relation at subsurface depths that 



^ 86. Upper: Schematic representation of the formation of a water mw 
by sinking along trrsurfaces (which eoincide with the parallel temperature and salinity 
surfaces) m a region of convergence The diagram to the right demonstrates that 
the vertical T-S relation of the water mass agrees with the horisontal TS relation at 
the surface in the region of convergence. Ltwer: Schematic representation of the 
formation of a water mass by sinking of water types at two convergences and by sub- 
sequent mixing The diagram to the right ilhistrates that m this case the verUeal 
TS relation of the water mass need not agree with the horisontal TS relation at 
the surface between the convergences. 

is aimilar to the one found in the previous example, but along the sea 
surface fui entirely different T-S relation may exist. The processes of 
mbdng, in this case, must take place across Pt surfaces in order to establish 
the T-S relation, but at subsurface deptib mixing along v, surfaces is not 
excluded. At present it is impossible to decide what processes are of the 
greater importance. 

The point to bear in mind is that the waters of the oceans all attained 
their original characteristics when the water was in contact with the 
atmosphere or subject to heating by absorption of radiation in the surface 
layers, and that in course of time these characteristics, may become 
greatly changed by mixing. This mixing can either be lateral — tiiat 
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», take place along 9 % sutfaces, or it can be vertical — ^that is, crossing vt 
•urfacea. 

An example of lateral mixing between water masses is found off the 
coast of California (Sverdrup and Fleming, 1941), where the water which 
flows north close to the coast has a T-& relation that differs greatly 
from that of the water flowing south at some distance from the coast 
(fig. 199, p. 713). Between these two water masses are found waters 
of an intermediate character which could not possibly have been formed 
by vertical mixii^( and which must have been fom^ied by lateral mixing, 
probably along surfaces. An example of modification of a water 
mass by vertical mixing is found in the South Atlantic, where the 
Antarctic intermediate water flows north. This water, near its origin, 
is characterised by a low salinity minimum, but the greater the distance 
from the Antarctic Convergence the less pronounced is this minimum 
(fig. 210, p. 748). The change probably cannot be accounted for by 
lateral mixing, but Defant (1936) has shown that it can be fully explained 
as a result of vertical mixing. 

Wllst (1935) has introduced a different method for the study of the 
spreading out and mixing of water types, the “Kemschicht-methode,” 
which can be translated “ the core method.” By the ” core ” of a layer of 
water is understood that part of the layer within which temperaturg or 
salinity, or both, reach extreme values. Thus, in the Atlantic Ocean, the 
water that flows out from the Mediterranean has a very high salinity and 
can be traced over large portions of the Atlantic Ocean by means of a 
secondary salinity maximum which decreases in intensity with increasing 
distance from the Strait of Gibraltar. The layer of salinity maximum is 
considered as the core of the layer in which the Mediterranean water 
spreads, and the decrease of the salinity within the core is explained as 
the result of processes of mixing. In this case a certain water type, the 
Mediterranean water, enters the Atlantic Ocean and loses its char- 
acteristic values, owing to the mixing, but can be traced over long dis- 
tances. The spreading of the water can also be described by means of a 
T-S curve, one end point of which represents the temperature and salinity 
at the source region and the other end point of which represents the 
temperature and salinity in the region where the last trace of this particu- 
lar water disappears. Having defined such a T-S curve, one can directly 
read off from the curve the percentage amount of the original water type 
that is found in any locality. The core method has proved very success- 
ful in the Atlantic Ocean and is particularly applicable in cases in which 
a well-defined water type spreads out from a source region. 

Batins 

Oceanogr^hicaJly a basin is defined as a depression that is filled 
with sea water and that is partially separated by land or submarine 
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barriers from the opmi ocean, with which horiiontal commumoation is 
restricted to depths less than the greatest depths in the basin. The 
maximum depth of an entrance from the open ocean to a basin is called 
the threahdd depfft, or the depth, of that entrance. By “entrance’' 
is imderstood a depression in a barrier which limits the basin, and it is 
immaterial whether or not any part of the barrier rises above sea level. 
The water in the basin is in more or leas restricted horiaontal communica- 
tion with the adjacent sea at all levels above that of the lowest sill depth, 
but below the sill depth renewal of the water in the basin can take place 
by vertical motion only. It is therefore characteristic of all basins that 
below the sill depth the water is nearly uniform and approximately of the 
same character as the water at the sill depth. Other characteristics (tf 
the water below sill depth, which will be called the basin water, depend 
greatly upon the type of exchange of water with the open ocean. 

Basins with Outflow Across the Sill. In nearly closed basins 
in the semiarid regions of lower latitudes, evaporation greatly exceeds 
precipitation and run-o£F, and the salinity of the surface water is increased 
above that of the adjacent open ocean. The evaporation is at a maxi- 
mum in winter when the surface temperature is simultaneously lowered 
under the influence of cold continental winds. In winter the surface 
density is therefore increased so much that vertical convection currents 
are developed which, in some years when extreme conditions exist, may 
reach to the greatest depth and bring about renewal of the bottom water. 
The basin water which is formed in this manner, owing to its very high 
salinity, will be of greater density than the water at the same depth 
outside the sill, and must therefore flow out over the sill, following the 
bottom slope. At some higher level the oceanic water must flow into 
the basin, partly to compensate for the outflow and partly to compensate 
for the excess of evaporation over^ precipitation and run-off. The 
Mediterranean Sea, the Red Sea, and the inner part of the Gulf of Cali- 
fornia represent examples of such basins. 

In basins of this character the basin water is always characterized 
by high salinity and generally by high oxygen content. The amounts 
of inflow and outflow depend upon the difference between evi^joration 
and precipitation and run-off, and the volumes of in- and outflowing 
water are many times greater than the excess of evaporation. Under 
stationary conditions the total amount^of water, T„ which in a given 
time flows into a region must equal the sum of the outflow, T*., and the 
difference, D, between evaporation over precipitation and run-off in 
the same time: 7, ■> T. -|- D. Simultaneously, the amounts of salt 
carried by the in- and outflowing currents must be equal. In the first 
approximation (p. 426), 7,9t ■■ T^, where S< is the average salinity 
of the inflowing water and Si, is the average salinity of t^ outflowing 
water. From these rdations one obtains 
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In badns of thia character the inflowing water, which comes from the 
adjacent open sea, has a relativdy high salinity, and therefore the 
difference, S« — S., is small. Consequently, the volumes of in- and 
outflowing water must be great compared to the excess of evaporation 
over precipitation. 

The above considerations are valid only if the entrance is sufficiently 
wide or deep to permit both inflow and outflow The Gulf of Kara- 
Bugas, on the Caspian Sea, represents an example of a basin which is in 
such restricted communication with a larger body of water that outflow is 




Fig. 37. (A) Buin with locsl formation of baam water and outflow acro& the 
sill. (B) Basin with surface outflow of water of low density and occasional renewal 
of the basin water by inflow of dense water across the sill. 

practically impossible. This gulf is separated from the Caspian Sea by a 
60-mile-long bar and has a shallow entrance which is only a few hundred 
meters wide. The outflow of the saline deep water is so greatly impeded 
that, owing to excess evaporation, the salinity of that water in 19C^ was 
164 Voo as compared mth 12.7 Voo for the Caspian Sea as a whole. 

Conditions are encountered which vary from this extreme case to 
cases in which the excess evaporation for the entire year is aero, but in 
which seasonal changes may be large enough to permit occasional develop- 
ment of vertical convection currents reaching to the bottom. The 
essential features to be emphasized is that in basins of this type renewal 
of the basin water takes place by verticti convection currents which 
develop in the basin itself and may reach from surface to bottom. There- 
fore, the water at and below the sill depth has a higher density than the 
water at sill depth outside the basin, and is not stagnant. 

Basins with Inflow Across the Sill. In the nearly closed basins 
in higher latitudes, precipitation and run-off exceed evaporation. In 
such basins a surface Uyer of lew salinity and correspondingly low density 
is* developed. Because of the excess of precipitation and run-off there 
must be a wrface outflow of relatively fresh water, and in order to 
maintain the salt balance there must be an inflow of more saline water. 
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The exchange of water with the outnde sea is small because the differ- 
ence, S» — S„ is great. If the difference is so great that the ratio 
is small compared to unity, the relations that are represented by equation 
(IV, 6) are reduced to 

r. = Z> I*, Tu^d(i+ {IV. 7) 

where D now means the excess of precipitation and run-off over evapora- 
tion. In these circumstances the inflow is only a small fraction of this 
excess, and the outflow practically equals the excess. 

In basins of this type, stagnant water is often found because renewal 
of the basin water takes place only if the inflowing water is of greater 
density than the basin water. Outside the sill the density of the water 
generally increases much more rapidly with depth than it does inside 
the sill Renewal of the basin water takes place if the outside water 
masses are raised so much that the water which flows in across the sill 
is of such high density that it sinks toward the bottom of the basin 
Fig 37 shows schematically the character of the exchange with the outside 
and the renewal of the basin water in the two types of basins. 

The rapidity of the renewal of the deep water in the basin depends 
upon the steepness of the vertical density gradient at the sill depth. If 
this gradient is steep, an occasional large disturbance fills the basin 
below sill depth with water of great density, and subsequent disturbances 
must be as great or greater in order to bring about renewal of the basin 
water In extreme cases renewal takes place only by major catastrophes. 
In the intervals between such cata'>trophes the basin water may become 
stagnant, because in the upper layers of stable stratification vertical 
mixing is insignificant Some mixing takes place, however, which, 
between major disturbances, reduces the density of the basin water so 
much that complete renewal can take place when a new catastrophe 
occurs. 

On the other hand, it the density gradient at the sill depth is small, 
the outside deep water is brought over the sill by any minor distuibance, 
and stagnation is prevented by intermittent intrusion of outside deep 
water, and also by vertical mixing, which is more effective owing to the 
.small density gradient 

The water which sinks at sill depth h heated adiabatically, and the 
basin water is therefore of nearly constant potential temperature The 
effective sill depth — that is. the depth at which the potential temperature 
in the outside water equals that in the basin — is lower on an average 
than the actual depth of the sill (table 87, p. 738), and the smaller the 
density gradient in the outside water, the greater is the difference between 
the effective and the actual sill depth. Great density gradients, if 
present, are always found near the surface, and a basin with inflow at 
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sill depth is ther^ore likely to have stagnant water if the sill is shallow. 
The Black Sea, the Baltic, and numerous Norwegian fjords are examples 
of basins of this type (Fleming and Revelle, 1939, Strdm, 1936). 

The sill depth has bearing also on the direction of flow across the sill, 
and this direction does not therefore depend exclusively on an excess 
or a deficit of evaporation, which was used to facilitate the discussion. 
At small sill depths an excess or deficit of evaporation determines the 
character of the exchange, but at great sill depths inflow across the sill 
develops in most instances. Oceanic water flows freely in and out of the 
basin at some distance above the sill depth, buaat the sill depth the 
average flow is directed, as a rule, into the basin, because the density of 
the basin water remains lower than that of the outside water, owing to 
more effective vertical mixing in a restricted region. The main in- and 
outflow takes place, however, at lesser depths, the water often flowing 
in through one entrance and out through another. The basins of the 
American Mediterranean Sea serve as examples (p. 639). 

In large basins in high latitudes, such as the Norwegian Sea and 
Baffin Bay, deep water is formed locally, owing to freezing or excessive 
cooling of high-salinity water, although precipitation exceeds evaporation. 
In such basins, which might be listed as a third type, stagnating water is 
not found. 
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CHAPTER V 


Theory of Distribution of Variables in the Sea 


Scalar Reids 

It cannot be too strongly emphasized that the ocean is three-dimen- 
sional and that the distribution of properties or the type of motion must 
be represented in space. For this purpose a convenient system of coordi- 
nates is needed. Any pt>int in the ocean can be designated by means of 
its geographic latitude and longitude and its depth below sea level, 
but if one deals with a small area one may consider the surface of the 
earth within that area as flat, and can introduce ordinary rectangular 
coordinates with the horizontal axes at sea level and the vertical axi.-^ 
positive downward By “ sea level ” is meant not the actual sea Ip\ el but 
an ideal sea level, which is defined as a surface along which no component 
of gravity acts The difference between the actual and the ideal sea 
level will bo further explained when dealing with the distribution of 
pressure (p. 406). 

The location in the ocean space of any given surface is completeh'^ 
determined if in every latitude and longitude one knows the depth of the 
surface below the ideal sea level. In a chart this surface can be repre- 
sented by means of lines of equal depth below sea level (isobatlis), which 
together render a picture of the topography of the surface Thus, the 
topography of the sea bottom is shown by isobaths drawn at selected 
intervals of depth. 

The quantities that must be considered when dealing with the sea 
are either scalars or vectors. A scalar quantity is a physical quantity 
whose measure is completely descriVied by a number, that depends on the 
selected system of units. Pressure, temperature, salinity, density, and 
oxygen content can be mentioned as examples of scalar quantities. A 
\ector is a physical quantity that is completely described by magnitude 
and direction. The velocity of a particle, the acceleration of a particle, 
and the forces acting on a particle are examples of vectors. 

The magnitude of a vector, such as the numerical value of the velocity 
of a particle, is a scalar quantity. A vector can be represented by means 
of its components along the axes of a coordinate system, and these 
components are scalar quantities. 
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A continuous fluid is characterised, at every point in the space 
which it occupies, by a number of different properties. The space 
distribution of one particular property is called the^lcid of that property. 
The field is called a scalar field if the property is a scalar quantity, and 
s vector field if the quantity is a vector. In the ocean there are scalar 
fields such as the pressure field, the temperature field, and the density 
field, and there are vector fields such as the velocity field, the acceleration 
field, and so on. 

The term field was first applied to a vector fifld in order to describe 
the distribution of electromagnetic forces. Every student of physics 
ha.s seen the magnetic field of force demonstrated by means of iron 
filings placed on a card above a magnet, but this experiment brings out 
only certain characteristics of the field. It shows the direction of the 
magnetic forces in one single plane, but it does not show the space dis- 
tribution or the magnitude of the force of the field. 

A scalar field is completely represented by means of equiscalar 
surfaces — that is, surfaces along which the scalar quantity has the same 
numerical value. The temperature field in the ocean, for instance, would 
be completely described if one knew exactly the form of the isothermal 
surfaces, and, similarly, the pressure field would be fully represented if 
one knew the form of the isobaric surfaces. However, it is impracticable 
to prepare space models that show the actual configuration of isothermal 
surfaces or other equiscalar surfaces in the ocean, and it would be impossi- 
ble to publish such representations For practical purposes one must 
select other forms of representation. One widely used method is to 
show the lines of intersection between equiscalar surfaces and the coordi- 
nate surfaces. A chart showing the distribution of temperature at sea 
level is an example of such representation. In this case the sea level 
represents one of the principal coordinate surfaces, and the isotherms 
represent the lines at which the surfaces of equal temperature in the sea 
intersect the sea surface. Similarly, a chart showing the distribution of 
temperature at a depth of 1000 m shows the lines along which the iso- 
thermal surfaces intersect the 1000-m surface, whereas the temperature 
distribution in a vertical section shows the lines along which the isothermal 
surfaces intersect the vertical plane that is under consideration. 

A series of horizontal charts of isotherms in surfaces at different 
distances below sea level give a representation of the temperature field in 
the oc an, and a series of vertical sections showing isotherms give another 
repres mtation of the same field. 

On the other hand, one can make use of an entirely different method of 
representation. Instead of showing the lines along which the isothermal 
.surfaces intersect a coordinate surface, one can represent the isothermal 
surface itself and can show the lines along which the coordinate surfaces 
at different distances below sea level intersect that surface. Such a 



DISTRIBUTION OF VARIABLES IN THE SEA 


155 


chart would be a chart of the topography oi the isothermal surface in 
question. A series of such topographic charts prepared for a sufficient 
number of isothermal surfaces, say for every one degree centigrade, would 
also give a complete representation of the temperature field in the ocean. 

These topographic charts would represent charts of absolute topog- 
raphy, because it is assumed that the depths below the ideal sea levd 
are known. This ideal sea level, however, is a fictitious level that 
cannot be determined by observations, and all measurements have to 
be made from the actual sea level. In practice, therefore, the topography 
of a surface in the ocean wrill not represent the abeoltUe topography but a 
rdatime topography referred to the unknown shape of the actual sea 
surface. In many instances one need not take the difference between 
absolute and relative topography into account, because it generally 
amounts to less than 1 m. For instance, it can be neglected when one 
deals with isothermal surfaces, because the change in temperature on a 
fraction of a meter is generally negli^ble. When dealing with the iso- 
baric surfaces, on the other hand, as will be explained in detail when 
discussing the field of pressure, one must discriminate sharply between 
absolute and relative topograpMes. 

These matters have been set forth explicitly, because it is essential 
to bear in mind that one must always consider distribution in space, 
which can be fully described by means of equiscalar surfaces. These, 
however, may have highly complicated forms. 

The mathematical definition of an equiscalar surface can be written 

where s is the scalar quantity under consideration (temperature, pressure, 
density, and so forth), ds/dx • dx is the change of the scalar on the 
distance dx, ds/dy • dy is the change on the distance dy, and ds/dz • dt 
is the change on the distance dz. Along the equiscalar surface the total 
change must be zero, as expressed by (V, 1). 

In a vertical section in the x-z plane the equiscalar curves are similarly 
defined by 

From the latter equation the slope of the equiscalar surfaces in the anlirec- 
tion is obtained: 

dz dx 
dz 
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Simiiariy, the slope in the p-direction is 




dz _ dy 

dy ds 

dz 


So far, the discussion has dealt with equiscalar surfaces in general. 
In practice, one may select these surfaces so that there is a constant 
difference between the value of the variable at any two surfaces. These 
surfaces are called standard equiscalar surfaces, ‘tp the case of tempera- 
ture, the isothermal surfaces might be selected for every one degree of 
temperature; in the case of salinity, the isbhaline surfaces might be 
selected for every 0.1 ®/oo, and so on. These surfaces would divide 
the space into thin layers characterized by a constant difference of the 
quantity at the two boundary surfaces of every la3'er. Such layers are 
called equiscalar sheets. It should be noted that the scalar is not constant 
within this sheet but has a constant aoerage value. It is evident that the 
thickness of these sheets represents the rate at which the scalar varies 
in a direction at right angles to the equiscalar surfaces. Where the sheets 
are thin the variation is great, but where the sheets are thick the variation 
is small. The rate of variation can be represented by means of a vector 
whose direction is normal to the equiscalar surface and whose magtulude 
is inversely proportional to the thickness of the sheet. The vector 
representing the rate of decrease is generally called the gradient (tempera- 
ture gradient, pressure gradient), and the vector representing the rate of 
increase is called the ascendant. If the scalar is called s, then the gradient, 
G, and the ascendant, A, are defined by the equations 


G 


ds . _ ds 
dn ~ dn 


(V, 3) 


Vectors are printed in bold-face typ>e. 

If the field is represented by means of a sufficient number of surfaces, 
these surfaces will completely define the gradients and ascendants that 
are characteristic of the distribution. Thus, the special vector fields 
of gradients and ascendants are entirely described by means of systems 
of equiscalar surfaces, but other vector fields cannot be described in that 
manner. Vector fields will be dealt with in chapter XII. 

Relation between the Distribution of Properties and the Currents in the Sea 

Consider any scalar quantity, s (temperature, salinity, pressure, 
oxygen content, and so on), the distribution of which is continuous in 
space and time, so that it can be represented as a function of time and 
the three space coordinates, s = f{l,x,y,z). Let us assume that this 
scalar quantity can be considered a property of the individual particles 
of the fluid. A particle in motion after a time dt will be in a new locality. 
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z + <2X| V + dy, 2 + cte, where the ecalftr quantity under consideration 
has the value s + d« «» /(I + dt, x + dx,y + dy,t + dz). The property, 
8, of the individual particle has therefore been changed by the amount 
ds in the time dt ; that is, the time rate of change is da/dt. This time rate 
can also be expressed by the characteristics of the field, because, by 
means of Taylor’s expansion, one has 

f(t + dt, X + dx, y + dy, z + dz) 

= f(t,x,y,z) + g dz + I dy + I d*, 

or, since a = f(t,x,y,z), 


Dividing by dl and considering that dxjdl, dyjdt, and dzjdi represent the 
components of the velocity, one obtains 


dt ~ dt 


. ds , I/O I VO 


da 

dy’ 


da 

dz' 


(V, 4) 


The first term on the right-hand side represents the rate of change in a 
fixed locality — that is, the local change. The last three terms are together 
called the advection term, because they represent changes that take place 
in the presence of currents. This relationship is a purely formalistic one 
and gives no information as to the processes affecting the distribution; 
it merely states that within a field the individual time change can be 
conaidered as composed of two terms: the local time change and the advection. 

A few important points can be brought out by means of the above 
equation: (1) the distribution of any scalar quantity is stationary — 
that is, independent of time if the local change is zero {da/dt = 0) ; (2) the 
advection terms disappear if there is no motion or if the field is uniform — 
that is, if either w, = «„ = v, = 0 or ds/dx = dsfdy — ds/dz *=• 0; 
(3) when the individual change is zero (ds/dt = 0), the local change is 
equal to the advection but is of opposite sign; (4) if the field of a property 
is stationary {ds/dt = 01 and if, further, the individual time change is 
zero {ds/di = 0), equation (V. 4) is reduced to 


ds 

dx 


ds 

dy 


lx + if: "v + i: f. = 0 


da 

dz' 


This equation is fulfilled only if the flow is directed along the equiscalar 
surfaces of the property, as can be seen by comparison with equation 
(V, 1), or by examination of the two-dimensional case. 


Distribution of Conservative Concentrations in the Sea 


The discussion has so far been of a purely formalistic nature. If 
one goes a step further and considers the processes that maintain or tend 
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to alter distributions, it is of advantage to introduce the term coMentro- 
tion to describe any constituent that is presmt in a measurable amount 
in a given volume of sea water. Thus, heat content, total salt (which 
can be represented with sufficient accuracy by salinity), amount of a 
given compound, and dissolved oj^gen or other gases can be given as 
concentrations, and the same applies to floating organisms. A concen- 
tration is a scalar quantity that is continuous in time and space, and the 
distribution can therefore be represented by means of fields whose char- 
acteristics have been dealt with. 

The processes that toad to modify the concentrations can be divided 
into two groups : external processes, which are active only at the boundary 
surfaces of the fluid, and internal processes, which are active anywhere 
in the fluid. The external processes are of importance in determining 
the concentrations at the boundaries, and the internal processes, together 
with the boundaiy values, determine the distribution throughout the fluid 

By conservative concentrations are meant concentrations that are 
altered locally, except at the boundaries, by processes of diffusion and 
advection only. Heat content and salinity are two outstanding examples 
of conservative concentrations. Consider a cube the surfaces of which 
are of unit area and are normal to the coordinate axes. Through the 
two surfaces that are normal to the x axis, diffusion leads to a transport 
in unit time of (A,/p)i(d8/dx)i and (A,/p)s(ds/5a’)*, respectively, where 
both the coefficient. Ax, and the denvative, ds/dx, may vary in the 
X direction. The coefficient of diffusion enters here in the “kinematic” 
form (p. 470) as A/p, where A is the eddy diffusivity, because concentra- 
tions have been defined as amounts per unit volume. The difference 
per unit length of these transports, d/dx[{Ax/p){ds/dx)], represents the 
net change of concentration in the unit volume due to diffusion. In 
the presence of a current in the x direction, there will also be a net 
change of concentration due to advection The concentration that a 
current of velocity, »„ transports through a unit surface in unit time 
is equal to si>„ and, if this transport changes in the direction of flow, 
the concentration per unit volume is altered by —d{sv^/dx. Similar 
considerations are applicable to transport through the other surfaces of 
the cube, and the combined local change of concentration, therefore, is 
the sum of terms representing diffusion and advection: 



_ / 3(w,) d{sox) , a(w.)\ 

\ dx ^ by ^ dz }' 

The last term can be written 


-V, 


dx 


' by 


'’"bz 
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but in an incompressible fluid the sum of the terms in parentheses is 
eQual to zero (p. 424). Sea water can be considered as incompressible: 
therefore, 




da 

sly 


W I 

*»* 3r. + 



,6) 


or, in words: Local time change of concentration equals the effect of diffusion 
ninus effect of adveUion. 

Taking equation (V, 4) into consideration, one obtains 


— ss —( — 4. 4. ^A 

dt dx\p dxj dy \ p dy/ \ p dzj’ 


(V,6) 


or, ill words' Indtvtduid time change of concentration equals effect of 
diffusion. 

In practice these equations must be greatly simplified. Consider, 
for example, a two-dimensional system in which the velocity is directed 
along the x axis, in which diffusion in the x direction can be neglected, 
and in which it can be assumed that the coefficient of vertical diffusion, 
.A/p, is constant For such a system the condition for a stationary dis- 
tribution of s, (ds/dl — 0), is reduced to 


^ as 

p a?* dx 


(V,7) 


This equation has been used by Defant (1929) and Thorade (1931) for 
studying the character of stationary distributions and by Defant (1936) 
for computing the ratio A/vt from observed distributions. 

As another example, consider a uniform field for which ds/dt = ds/dt 
and assume that A, = = 0. The above equations are then reduced to 



which represents the equation of temperature conduction (p. 135). It 
may be observed that temperature is not a concentration according to 
the above definition, but since the temperature is proportional to the 
heat content, c/rd, of a unit volume, s can mean temperature. 

Other simplifications of the equations can be made, depending upon 
the nature of the problem under consideration (Montgomery, 1939, 
Sverdrup, 1989). 

Distribution of Noncoraervotivo Concentrations 
By nonconservative concentrations are meant primarily concentra- 
tions whose distributions are influenced by biological processes besides 
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thoM ctf mixing and transport by currents. For mcample, the oxygen 
e<mtent is changed by the production of oxygen by plants in the euphotic 
smie and by the consumption of oxygen by respiratory processes) the 
phosphate content and that erf other plant nutrients are removed from 
the water when they are utilised by plants and are returned to solution 
when organic tissues decompose, or the number of organisms of a given 
species increases or decreases depending upon the relation of the rate of 
multiplication to the rate at which organisms die off or are consumed. 

The local time change of concentration due to biological processes 
will be called R. Adding this quantity at the righ^hand side of equation 
(V, 6) one can state 

dx\p dxj dy\p dy) 3s \ p dz) 

( Be.. da . ds\ , „ 

In words, local time change of concentration equals effects of diffusion minus 
advection plus biological processes. This equation can be simplified in 
the same manner as equations (V, 5) and (V, 6) (Seiwell, 1937, Sverdrup 
and Fleming, 1941). 

The Principle of Dynamic Equilibrium 

Experience shows that in a large body of water comparable, say, 
to the body of water in the Mediterranean Sea, the average conditions do 
not change from one year to another. The average distribution of tem- 
perature remains unaltered year after year, and the same i.s true as to the 
average salinity, oxygen content, and contents of minor constituents. If 
time intervals longer than a year are considered, say ten-year periods, 
it is probable that even the average number of different species of organ- 
isms remains unaltered, provided that the nonaquatic animal,' man, 
does not upset conditions by exterminating certain species and depleting 
the stock of others. These unchanging conditions represent a state of 
delicate dynamic equilibrium between factors that always tend to alter 
the picture in different directions. 

In dealing with conservative concentrations, diffusion and advection 
are at balance except at the sea surface, where external processes con- 
tribute toward maintaining the concentration at a certain level. This 
was illustrated when discussing the general distribution of surface 
salinity (p. 125), which was shown to depend on two terms, one that 
represents the external processes of evaporation and precipitation, and 
one that represents the internal processes of diffusion and advection. 
Similarly, the surface temperature dei>ends upon heating and cooling by 
processes of radiation and by exchange with the atmosphere and upon 
conduction and advection of heat. 
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In a study of the subsurface distribution of temperature and salinityi 
it is not necessary to know the processes that maintain the surface values, 
but it is sufficient to determine these values empirically. If this could 
be done and if the processes of diffusion and the currents were known, 
the general distribution of temperature and salinity could be computed. 
Conversely, if these distributions were known, information as to diffusion 
and currents could be obtained. In oceanography only the latter method 
of approach has been employed. 

When nonconservative concentrations are dealt with, the principle 
of a dynamic equilibrium implies that the effects of diffusion, advection, 
and biological processes cancel. Of the nonconservative concentrations, 
only the dissolved gases are greatly influenced by the contact with the 
atmosphere, and other nonconservative concentrations are practically 
unaltered by external processes. 

Application of the principle of dynamic equilibrium can be illustrated 
by considering the, distribution of oxygen. Below the euphotic zone, 
biological processes that influence the oxygen content always lead to a 
consumption of oxygen, and the processes of diffusion and advection 
therefore must lead to a replenishment that exactly balances the consump- 
tion. No further conclusions can be drawn. This obvious consideration 
has been overlooked, however, and some authors have interpreted a 
layer of minimum oxygen content as a layer of minimum replenishment 
(Wiist, 1935), while others have considered it a layer of maximum con- 
sumption (Wattenberg, 1938). 

Conclusions as to the rapidity of consumption (and replenishment) 
could be drawn from the known distribution of oxygen only if the con- 
sumption depended upon the absolute content of oxygen, but the con- 
sumption appears to be independent of the oxygen content until this 
has been reduced to nearly nil (ZoBell, 1940). When all oxygen has 
been removed, consumption and replenishment must both be zero, and 
even this obvious conclusion should not be overlooked. 

In certain instances a relation may exist between the oxygen dis- 
tribution and the character of the current. Assume that a nearly 
horizontal internal boundary exists which separates currents flowing in 
opposite directions, that diffusion takes place in a vertical direction only, 
and that the coefficient of diffusion is independent of z. When dynamic 
equilibrium exists, equation (V, 9) is tHten reduced to 

(V. 10) 

Since the consumption equals — fi and is always positive, the cun^ature 
of 8 is positive when plotted against z. The cu^ature cannot remain 
positive at all depths, and therefore it is probable that s, the oxygen 
content, must be at a minimum near the boundary surface. Thus, a 
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minimum in the vertical distribution of oxygen may indicate the presence 
of a boundary surface at which there are no currents, but such a minimum 
can also develop under entirely different conditions (Seiwell, 1937). 

Similar- reasoning is valid when dealing with compounds that are 
removed from the water by organisms for building up their tissues and 
are returned to solution as metabolic products or by decomposition of 
organic tissues. A balance is maintained, but in many cases it is not 
correct to speak of “replenishment" by advection and diffusion, as in the 
case of oxygen, because the biological processes may lead to a net replen- 
ishment, in which case the physical processes md|t take care of a cor- 
responding removal. Thus, in the deeper layers phosphates and nitrates 
are added to the water by decomposition of organic matter and removed 
by diffusion and advection. 

When dealing with populations, similar considerations enter. It 
must be emphasized especially that the number of organisms present in 
unit volume of water gives no information as to the processes that operate 
toward changing the number. A small population of diatoms, say, may 
divide very rapidly without increasing in number, owing to the presence 
of grazers that consume diatoms. On the other hand, a large population 
of diatoms may not indicate a rapid production of organic matter, because 
further growth may be impossible owing to lack of nutrient salts in the 
water. The terms “population" and “production" have to be clearly 
defined and kept separate. “Population” represents concentration, 
whereas “production" represents one of the processes that alter the 
concentration. 

Another warning appears to be appropriate — namely, a warning 
against confusion between indi\idual and local changes (p. 157). From 
the fact that a local population remains unaltered, it cannot be con- 
cluded that the population within the water which passes the locality of 
obser\’ation also remains constant- that is, that the individual time 
change is zero. Similarly, if a sudden change in population is observed 
in a given localit}', it cannot be concluded that the processes which have 
been active in that locality have led to a rapid growth, bccau.se it is 
equally possible that a new water ma.ss of other characteristics is passing 
the locality. 

If the external influences were clear, if processes of diffusion and 
advection were known, and if biological and organic chemical processes 
were fully understood, the distribution of all concentrations could be 
accounted for. It would then be possible not only to explain the average 
distribution but also to account for all periodic and apparently random 
changes. This is the distant goal, but when working toward it one must 
be fully aware of the limitations of the different methods of approach. 

Thus, complete description of the oxygen distribution below the 
euphotic zone is theoretically possible if the oxygen content in the surface 
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layers, the processes of diffusion, the currents, and the oxygen-consuming 
processes of decomposition were known. On the other hand, information 
as to oxygen consumption can be obtained not only by an examination 
of the processes of decomposition but also by a computation of the 
replenishment of oxygen by diffusion and advection. So far, all of our 
knowledge as to oxygen consumption below the euphotic zone is based on 
such computations and not on any consideration of biochemical processes. 

I'hc dynamic equilibrium, the importance of which has been stressed, 
exists only insofar as average conditions within a large body of water and 
over a considerable length of time are concerned. During any part of the 
day or year the external or internal processes may be subject to periodic 
or random variation such that at a given moment no equilibrium exists 
(ds/dt 0). At the surface, heating periodically exceeds cooling, and 
cooling periodically exceeds heating, as a result of which the surface 
temperature is subjected to diurnal and annual variations that by 
processes of conduction are transmitted to greater depths. It is possible 
that longer periods exist which are related to periodic changes in the 
energy received from the sun, but these long-period variations are of 
small amplitudes. In many areas, shifts of currents lead to local changes 
of the temperature which are periodic in character if the shifts are 
associated with the seasons, or nonperiodic if they are related to appar- 
ently random events. In the discussion of the annual variation of 
temperature (p. 131) the effect of these different processes was illustrated. 
Similar reasoning is applicable to periodic and random variations of 
salinity and also to variations of nonconservative properties. 

From what has been stated it is evident that in the discussion of the 
distribution of concentrations in the .sea it is as yet impossible to apply a 
method of deduction based on knowledge of all processes involved in 
maintaining the distribution. Instead, one has to follow a winding 
course, discuss processes and their effects whenever possible, discuss 
actual distributions if such have been determined, and either interpret 
these distributions by means of knowledge gained from other sources 
as to acting processes or draw conclusions as to these processes from 
the distribution. In some instances the processes that maintain the 
boundary values can be dealt with at considerable length, but otherwise 
the observed boundary values have to be accepted without attempts at 
explanation. In all cases, however, it ii^^essential to bear in mind that 
one is dealing with concentrations in a continuous medium and that 
general considerations as set forth here are always applicable. 
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CHAPTER VI 


Chemistry of Sea Water 


If suspen^led solid material of either organic or inorganic origin is 
excluded, sea water may be considered as an aqueous solution containing 
a variety of dissolved solids and gases. Determination of the chemical 
nature and concentrations of the dissolved substances is difficult for 
the following reasons: (1) some of the dissolved substances, such as 
chloride and sodium ions, are present in very high concentrations, while 
others, certain metals for instance, are present in such minute quantities 
that they have not been detected in sea water, although they have been 
found in marine organisms or salt deposits; (2) two of the major consti- 
tuents, sodium and potassium, are extremely difficult to determine 
accurately ; (3) it is virtually impossible in some cases to separate related 
substances such as phosphate and arsenate, calcium and strontium, and 
chloride, bromide, and iodide. In these cases the combined elements are 
determined together and usually reported as if they represented only 
one; that is, calcium and strontium are often calculated as ‘^calcium, ' 
and chloride, bromide, and iodide as “chloride.^’ 

Because of the complex nature of the dissolved materials in sea water 
a specially developed technique is usually required to determine the 
concentration of any constituent. The standard methods for the 
quantitative analysis of solutions which are given in textbooks generally 
cannot be applied to sea water without adequate checks on their accuracy. 
This is particularly true when dealing with elements present in extremely 
low concentrations, because the elements occurring as impurities in the 
reagents may be in amounts many times those found in the water. 

Constancy of Con\position 

x' 

It has been found that, regardless of the absolute concentration of the 
total solids, the ratios between the more abundant substances are virtually 
constSjnt. The importance of this result cannot be overemphasized, 
as upon it depends the validity of the chlorinity: salinity: density rela- 
tionships and, hence^ the accuracy of all conclusions based on the dis- 
tribution of density where the latter is determined by chemical or indirect 
physical methods such as electrical conductivity or refractive index. 
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The relative uniformity in Hxe comp(»i1ion of the sea water was estab- 
lished by tiie investigations of Forchhammer, Natterer, and Dittmar. 
Although Forchhammer analysed a large number of samples, his investi- 
gations were not complete b^ause he did not determine certain of the 
abundant elements. Natterer made more detailed analyses, but it was 
Dittmar who laid the solid foundation for the present knowledge of the 
comporation of sea water. 

Dittmar (1884) made careful determinations on 77 water samples, 
representative of all oceans, which had been collected on the voyage 
around the world of H.M.S. Challenger. He wtermined the halides, 
sulphate, magnesium, calcium, and potassium. On composite samples 
he found the ratio of bromine to chlorine and estimated the carbonate. 
From the sums of the chemical equivalents of the negative and positive 
ions, he calculated the sodium by difference. This procedure was 
followed because he was unable to achieve satisfactory direct determina- 
tions for sodium. The results of Dittmar’s work showed that there 
were no significant regional differences in the relative composition of 
sea water; consequently his average values could be used to represent 
the ratios between the major dissolved constituents. In table 33 ate 


Table 33 

DITTMAR’S VALUES FOR THE MAJOR CONSTITUENTS OP SEA WATER 
(Values in grains per kilogram, Vm) 



Original values 

Recalculated, 1940 
atomic weights 

1940 values 

Ion 








Cl - 19Voo 

% 

Cl - 19 Voo 

% 


% 

Cl- 

18.971 

55.29 

18.971 

55.26 

18.980 

6s. 04 


Br- 

0.065 

0.19 

0.065 

0.19 

0.065 

0.19 


SOi- 

2.630 

7.69 

2.635 

7.68 

2.640 

7.68 


cor 

0.071 

0.21 

0.071 

0.21 



HCOr 

0.140 

0.001 

0.026 

1.272 

0.41 

0.00 

0.07 

3.69 

F- 





HiBOi 





Mg++ 

1.278 

3.72 

1.292 

3.76 

Ca++( 

0.411 

1.20 

0.411 

1.20 

0.400 

1.16 

8r++ J 

0.013 

0.04 

K+ 

0,379 

1.10 

0.385 

1.12 

0.880 

1.10 

Na+ 

10.497 

30.59 

10.498 

30.58 

10.666 

30.61 

Total 

34.311 


34.828 


34.482 







given Dittmar’s average values in the units in use at the present time and 
referred to a chlorinity of 19.00 */«»• The percentages of the various 
ions are also shown. 
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Since 1884 the modification of atomic weights has affected the 
numerical results reported by Dittmar. Corrections for these changes 
may be made (Lyman and Fleming, 1940) as shown in the "recalculated" 
values in table 33. In the latter tabulation the sodium has been recal- 
culated by difference. 

It is interesting to compare Dittmar’s results with those obtained by 
modem methods of analysis as shown in the last columns of the table. 
The sources of these data are indicated in table 35. It is immediately 
seen that there are small differences for most of the elements determined 
by Dittmar and that certain other ions have been added to the list of 
major constituents. The bound carbon dioxide is reported as bicarbonate 
ion instead of as carbonate, strontium is given by itself instead of in 
combination with calcium, and fluoride and boric acid have been added. 

The close agreement between the results of Dittmar and those 
obtained recently is remarkable when we consider the complexity of the 
problem and the great advance in knowledge of analytical chemistry. 
However, although the differences are small, they are significant, and 
hence the importance of Dittmar’s work is that it showed the constancy 
of the ratios between the major constituents, and not that it led to 
accurate numerical values of these ratios. 

In table 33 the composition is shown by referring the substances 
to a standard concentration. Cl =» 19.00 Voo, and by means of the ratios 
between the different ions and the total dissolved solids. In most 
instances it is preferable to use a third method; namely, to give tbe ratios 
between the various substances and the chlorinity or the chlorosity 
(p. 52), and these ratios are known as Cl-ratios and chlorosity factors, 
respectively. The Cl-ratio is the amount of apy ion or substance per 
unit (gram) of chlorinity, and is obtained by dividing the concentration 
in grams per kilogram by the chlorinity, or the concentration in grams 
per 20*-liter by the chlorosity. Multiplication of the Cl-ratio by a given 
chlorinity or corresponding chlorosity will give the concentrations as 
grams per kilogram or per liter, respectively. Concentrations in milli- 
gram-atom units are always on a liter basis, and, if divided by the chloros- 
ity, yield the ratios that are called chlorosity factors. It may be noted 
that a chlorosity factor multiplied by chlorinity yields the concentration 
in milligram-atoms per kilogram. 

The uniformity of relative composition in the oceans is the result of 
circulation and mixing. These operations are continuous, and tend to 
eliminate regional differences in composition, whatever the cause. Dis- 
turbing agencies bring about changes that are small compared to the 
bulk of the substances present and consequently will not materially 
affect the relative concentration of the major constituents. Further- 
more, many of the disturbing processes that tend to modify the relative 
composition are reversible. For example, the secretion of calcium 
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carbonate by organisms, which reduces the quantity of calcium in solu- 
tion, takes place at a certmn season or in certain parts of the sea, but 
upon the death of the organisms the calcium carbonate may dissolve in 
other regions. Although small regional differences may result from such 
processes, the effects are largely neutralised by mixing. On the basis of 
parallel determinations of density by means of interferometer (p. 54) 
and chlorine titration, Lotte MdUer (Bein, Hirsekom, and Mdller, 1935) 
has shown that very small systematic differences exist in the composition 
of water masses of the North Atlantic, but as yet these are significant 
only as refined means for tracing water masses of leertain characteristics. 

The constancy of composition is, as already emphasized, of the 
greatest importance. Not only is it the basis of the chlorinity: salinity: 
density relationships, but it also affords a means of estimating the 
concentrations of all of the major constituents when the concentration 
of any one of them is known. Furthermore, results of studies on the 
composition or the physical properties of sea water in any locality are 
generaUy applicable to the water in any other part of the oceans. 

Except in special areas, such as in the Baltic Sea, the Black Sea, and 
off the mouths of large rivers, it is not necessary to consider that the 
water represents special local types with properties that differ from those 
of sea water in general. Nevertheless, it should be remembered tha.t the 
composition is not absolutely constant even for the major constituents 
listed in table 33. Various factors which will be discussed m detail 
later are always operating and always tend to modify the relative abun- 
dances. Rivers introduce dissolved material in proportions that are 
markedly different from those in the sea, and they also introduce sedi- 
mentary material that reacts in various ways with the dissolved con- 
stituents. The formation and melting of sea ice may bring about a 
modified distribution of the dissolved substances. 

Thus far, comment has been largely restricted to those constituents 
of sea water that are present in large, or at least relatively constant, 
proportions. If we consider those elements which arc present in small 
quantities and which are utilized by marine organisms, the concept of 
constant composition is no longer generally valid, because the concentra- 
tions of these elements vary widely, particularly near the surface. A 
great part of the work in chemical oceanography is now devoted to 
determining the space and time variations in variable constituents, 
and much thought is directed toward the solution of the problems 
related to the processes that control the observed distribution. 

Units Used in Chemical Oceanography 

In chemical oceanography most of the numerical results are expressed 
as concentrations — that is, as the amounts of various constituents in a 
certain quantity of sea water. Obviotisly many different combinations 
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of mass and volume units are possible and, in fact, a great variety have 
been used. In order to avoid confusion and to make the results of 
different workers directly comparable, it is desirable that a standardized 
system of units for reporting results in chemical oceanography be fol- 
lowed. Such a system has been proposed by the International Associa- 
tion of Physical Oceanography (1939). 

Only two units are to be used for expressing the quantity of sea 
water: either (1) the kilogram or (2) the amount of water which at 20" C. 
and pressure one atmosi>here occupies the volume of one liter. The 
latter unit is designated as Lio, but in this discussion it will be indicated 
as L. The system in which the constituents are reported as the amounts 
present per liter is designated as the “preferred” one, with an alternative 
for the abundant substances that may be reported as grams per kilogram 
of sea water. Salimty and chlorinity are always reported as grams per 
kilogram of sea water. It should be understood that the proposed system 
applies only to the reporting of analytical data in the literature. Any 
suitable units may be adopted for the discussion of special problems. 

For expressing the amounts of the dissolved constituents, two types 
of units are proposed; (1) physical units of mass, volume, or pressure, 
and (2) units based upon the number of atoms of the designated element, 
which may be present as ions or molecules either singly or in combination 
with other elements In certain cases the number of chemical equivalents 
is acceptable. 

The mass units most commonly used are those of the metric system 
and bear the following relations to each other: 

1 ton = 10’ kilograms (kg; = lO" grams (g) 

1 gram = 10* milligrams (mg) = 10* mygrams (iig) 

A measure of the number of atoms of the designated element is 
obtained by dividing the amount of the element, expressed as grams, 
milligrams, or mygrams, by the gram-atomic weiglit of the element. 
Hence, 


1 gram-atom (g-atom) = 10’ milligram-atoms (mg-atoms) 

= 10* mygram-atoms (fig-atoras) 

■s. 

Quantities expressed as gram-, milligram-, or mygram-atoms may be 
converted to the corresponding mass units by multiplying by the gr^m- 
atomic weight of the designated element. 

In certain cases (for example, alkalinity and hydrogen-ion concentra- 
tion) it is desirable to report the concentration in terms of chemical 
equivalents. The units shall then be 

1 equivalent (val) = 10’ milli-equivalcnts (millival) 
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For expressing the partial pressure of gases dissolved in sea water 
the basic pressure unit is the ‘‘physical atmosphere^' (p. 55): 

1 physical atmosphere (atm) = 760 Torr 

= 1.0133 X 10® dyrcs/cm* 

« 1.0133 bar 

Partial pressures shall be expressed in Torr. 

Volume units are all based upon the true liter — that is, the volume of 
1 kg of distilled water at 4®C. When volume imit>s are used, the tempera- 
ture and pressure should be stated. The r|uanti\ies of dissolved gases, 
when expressed as milliliters (nil), shcAild be those for and a pressure 
of 1 atmosphere, that is, NTP. 

The centigrade scale is to ho used for reporting tern pc^ratu res. 

The units to be used in re])orling flata, proposed by the International 
Association of Physical Oceanography, arc given iji table 84. It should 
be noted that all units are basc<l upon the amount of a designated element 
that may be present either singly (for example, oxygen or calcium) or in 
combination with other elements (for example, phosphate-phosphorus). 

Because the 20° liter is the standard volume unit for expressing the 
(quantity of sea water, glassware should be calibrated for this temperature, 
and, if practicable, mcasurenumts and chemical determinations siioiiid 
be made at or near this temperature. If the sea-vval(*r samples are not 
at 20°, it may be necessary to apply certain corrections. Full descrip- 
tions of the methods for making su^h corrections and tables to facilitate 
the transformation are includ(‘d in the Report of tin* International 
As.sociation of Physical Oceanography. In most cases the accuracy 
of the methods of analysis for the elements present in small amounts do 
not justify such corrections. 

As already stated, it is fr(;quontly desirable to express the relative 
concentrations as Cl-ratios or chlorosity factors (p, 167). Those rela- 
tionships may be used to calculate the quantity of the major elements 
present in water of known chlorinity or to check variations in composition 
which may be lu'ought about by natural agencies, pollution by sewage 
and industrial wastes, or by other agencies. 

Composition of Sea Water 

So far, the discussion of the composition of sea water has been based 
mainly on the results of the fundamental investigations of Dittmar. 
Since his time our knowh'dge of the composition of sea water has increased 
tremendously. Improved methods of analysis have been developed and 
consequently more accurate values can be obtained. Tests have also 
been developed for the detection and determination of elements other 
than those previously discussed. Particular efforts have been devoted 
to the study of the so-called plant nutrients — that is, those elements 
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which are essential to plant growth in the sea but which are present in 
small and variable amounts. Individual elements have been studied 
both extensively and intensively, so that much more is now known 

Table 34 

ABBREVIATIONS AND UNITS TO BE USED IN REPORTING CHEMICAL 

DATA 

(Scheme proposed by the International Association of Physical Oceanography) 


Designated substance 

Abbreviation 

Units (p « preferred^ a « alternative) 

mg-atom 

L 

Mg-atorn 

L 

ml at NTP 

L 

®/oo 

Ammonia-nitrogen 

Ammonia-N 


P 



Argon 

Argon 

P 




Arsenate-arsenic 

Arsenate- As 


P 



Arseni te-arsenic 

Arsenite-As 






Borate-boron 

Borate-B 

P 


Calcium 

CJa 

P 



a 

Carbon dioxide 

Carbon dioxide-C 

P 





CO, 



a 

“p 

Chlorinity 

Cl 




Copper 

Cu 


P 



Iron 

Fe 


P 


a 

Magnesium 

Mg 

P 



Manganese 

Mn 

— 

P 



Nitrate-nitrogen 

Nitrate-N 

P 

— 


Nitrite-nitrogen 

Nitrite-N 


P_ 


Nitrogen (gas) 

N, 

P 


a 


Oxygen (gas) 

6, 

P 


a 


Phosphate-phosphorus 

Phosphate-P 


P 

- 

a 

Potassium 

K 

P 


Radioactive substances 






Salinity 

S 




a 

Silicate-silicon 

Silicate-Si 


P 

- 

Sodium 

Na 

P 


Sulphate 

Sulphate-S 

P 





SO4 

V- 



a 

Hydrogen sulphide 

Sulphide-S 

P 




HgS 



a 



concerning the regional differences in the ratios of the major constituents 
and in the amounts of the elements present in small quantities. How- 
ever, except for Dittmar's work, there has been no careful study of the 
composition of a large number of samples for all the major constituents. 
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Hence, in order to prepare a tabulation of the composition of sea water 
it is necessary to combine the results of numerous workers who have 
examined samples from different sources. All available data were 
collected by Thompson and Robinson (1932), and additional references 
will be found in the following discussion. In some cases the information 
is extensive, but for other elements only a few determinations have been 
made on water from a single locality. We shall first examine the quanti- 
ties of the major elements — that is, those which bear a virtually constant 
relationship to the chlorinity. 

In table 35 is given a compilation of the mti^jor ions that make up 
over 99.9 per cent of the known dissolved solid constituents of sea water. 
The sources of these data have been discussed by Lyman and Fleming 
(1940). The concentrations of the various ions are shown for water of 
19.00 Voo chlorinity, and also the Cl-ratios. The quantities are also 
expressed in terms of chemical equivalents per kilogram for water of 
19.00 Voo chlorinity and as milligram-atoms per 20° liter. Chlorosity 
factors are given for units of milligram-atoms. The carbon dioxide 
has been reported as bicarbonate. This method is not strictly accurate, 
because the bound carbon dioxide content of sea water is variable, but, 
as will be shown in the discussion of the carbon dioxide system, the sum 
of the chemical equivalents of carbonate and bicarbonate is vistually 
constant for any chlorinity. 

It is immediately seen that the sum of the halides (chloride, bromide, 
and fluoride) by weight is greater than the chlorinity. The amount of 
iodide is negligible. Even if the^bromide is calculated as chloride, 
and if the fluoride is disregarded because it does not take part in the 
chlorinity determination, the chloride equivalent is 1.00045 times 
greater than the chlorinity. The reasons for this apparent discrepancy 
have been discussed on page 52. 

Lyman and Fleming (1940) obtained the following empirical equation 
for the dissolved solids as represented in table 35: 

2 Vo. = 0.073 + 1.8110 Cl Voo. 

From this it will be seen that in water of 19.00 Voo chlorinity the total 
dissolved solids are 34.4816 ‘/oo, but, according to the equation used to 
calculate the salinity from the chlorinity (p. 51), the salinity is 34.325 
Voo. Thus, the total amount of dissolved solids is greater than the 
salinity. If, on the other hand, the salinity is calculated from the total 
solids, using the definition for the former quantity — that is, by converting 
the bicarbonate to oxide and converting the bromide to chloride — ^we 
obtain the salinity ‘‘by definition” as 34.324 Voo. This agreement must 
be considered as more or less accidental, as there are many uncertainties 
in the analytical data. Confidence in the values is strengthened, how- 
ever, by the fact that the sodium : chlorinity ratio as reported by Robinson 
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and Kaapman (1941) agrees exactly with tiie value that Lyman and 
Fleming (1940) found by difference. Although the table represocts the 
most probable figures for the composition of the major dissolved con> 
stituents, it is subject to change as additional data become available. 

The data in table 35 apply more specifically to surface water than 
to deep water. Both bicarbonate ion and calcium will be slightly higher 
in deeper water. Furthermore, some of the other compounds not 
included in this tabulation, such as nitrate and silicate, may be present 
in sufficient quantities to disturb the balance of ^the anions and cations 
shown in the table. The Cl-ratios should theref^ be considered more 
as indices than as absolute values. However, in no case will the ratios 
vary by more than a unit or two in the last decimal place when the water 
under investigation is from the open sea. Under abnormal conditions, 
as in highly diluted water, larger departures may be found. By definition 
the salinity is not sero at zero chlorinity; hence the ratios of certain 
elements would be expected to approach infinity at very high dilutions 
when the diluting water contained substances other than halides. There- 
fore, in studies in areas of highly diluted water the character of the river 
water should be taken into account. As pollution problems frequently 
occur in such areas, it will be necessary to determine the normal ratios 
for different dilutions for a specific zone before any conclusions can be 
drawn as to the nature or extent of the pollution. 

Elements Present in Sea Water 

Thus far, only the major consUtuents of sea water have been con- 
sidered. In table 36 are entered all elements that are known to occur 
in sea water as dissolved solids, except hydrogen and oxygen. They are 
not given as ions in this case birt as the amounts of the individual elements 
which occur in water of chlorinity 19.00 ‘/oo. The elements are arranged 
in the order of their abundance. In the first column they are reported as 
milligrams per kilogram, and in the second as milligram-atoms per liter. 
For convenience, the 1940 atomic weights and their reciprocals have been 
included. These constants are necessary when converting weight units 
to gram-atom units, and vice versa. The values for the major elements 
correspond to those given in previous tables and, in general, are. valid for 
surface water. For many of the dements ranges in concentration have 
been indicated. No doubt ranges should be shown for others, but the 
lack of sufficient observations or uncertainty as to the reliability of 
reported data leaves these problems unsettled. For many of the elements 
that are present in very low concentrations there are only one or two 
detenninations available, and in some cases only indirect estimates 
have been made. Hence, in these cases the indicated values can repre- 
sent only the order of magnitude of the quantities present. Omitting 
the six most abundant elements, only carbon (COt components), silicon, 
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nitrogen, and phosphorus compounds have been studied with Bttffioi«it 
completeness to provide a fairly good idea of their distribution. Lees 
complete studies have been made on the variations in the amounts of 
boron, iodine, iron, manganese, copper, gold, and radium. Cadmiiun, 
chromium, cobalt, and tin have been found in the ash of marine organ- 
isms, and hence it is implied that they occur in sea water, although so 
far they have not been shown directly. 

Forty-four elements are listed in table 36, and if we add hydrogen, 
oxygen, and the inert gases neon, helium, and argon, we obtain a total 
of forty-nine elments that are known to occur in sea water. Further 
investigations wiU undoubtedly demonstrate the presence of others. 
Certain problems of the origin and concentration of the dissolved solids 
relative to their concentration in the earth’s crust will be discussed later. 

The following brief discussion is limited to those elements that 
either occur in relatively large amounts or whose distribution has been 
shown to be affected by biological activity. For elements in the latter 
group additional data are given in chapter VII. In table 36 references 
are given for those elements not discussed in the text. A comprehensive 
discussion is given by Thompson and Robinson (1932), and other results 
are reported by Goldschmidt (1937) and Wattenberg (1938). The 
elements are considered in the order in which they appear in the table. 

Chlorine, present as chloride ion, is the most abundant ion and makes 
up about 55 per cent by weight of the dissolved material. It is rarely 
measured except in combination with other halides in the chlorinity 
determination. The bromide and iodide are then computed as if they 
were chloride. It should be kept in mind that the ratio of the chlorine- 
equivalent of the halides to the chlorinity is 1.00045 (p. 52). The 
chlorinity is of the greatest importance, not only as the basis of density 
computations, but also as the standard to which those substances present 
in major amounts are referred. 

Sodium is the most abundant cation in sea water, but it is rarely 
determined directly, owing to the technical difficulties involved in the 
determination of the alkali metals. The average ratio to chlorinity, 
0.5556, as obtained by Robinson and Knapman (1941) agrees exactly 
with the value that Lyman and Fleming (1940) calculated by difference. 
It is somewhat higher than the average, of 0.5509 given by Thompson and 
Robinson (1932), but is in fair agreem^t with the ratio 0.5549 obtained 
by Webb (1939) by direct analysis. The sodium; chlorinity ratio may 
be modified near river mouths. 

Magnesium content of sea water has been investigated rather care- 
fully, particularly by Thompson and Wright (1930). The magnesium is 
usually determined by a special modification of .the magnesium-ammo- 
nium-phosphate method. The ratio of magnerium to chlorinity is very 
uniform. 
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QQ 
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ill 

III 


1 /atomic 
weight 

0.02820 

0.04348 

0.04112 

0.03119 

0.02495 

0.02558 

0.01251 

0.08326 

0.01141 

0.09242 

0.03564 

0.05263 

0.07139 

0.03708 

0.01170 

0.14409 

0.03228 

0.00728 

0.00788 

0.01335 

0.01791 

0.01820 

0.01573 

1 0.01530 

1 0.00483 
0.01266 

Atomic 

weight 

(1940) 

35.457 

22.997 

24.32 

32.06 

40.08 

39.096 
79.916 
12.01 
87.63 
10.82 

28.06 
19.00 

14.008 

26.97 
85.48 

6.940 

30.98 
137.36 
126.92 

74.91 

55.85 

54.93 

63.57 

65.38 

207.21 

78.96 

§8 

|2 

Q S Q S ! 

is i iii 

do d d d ( 

f) ^ d d d 

6 d 

mS 

Si 

G 

i 

18980 

10561 

1272 

884 

400 

380 

65 

28 

13 

4.6 

0.02 -4.0 

1.4 

0.01 -0.7 

0.5 

0.2 

0.1 

0.001-0.10 

0.05 

0.05 

0.01 -0.02 

0.002-0.02 

0.001-0.01 

0.001-0.01 

0.005 

0.004 

0.004 

1 

1 

s 

1 

Chiorine 

Sodium 

MagneBium.. 

Sulphur 

Calcium 

Potassium 

Bromiu® 

Carbon 

Strontium 

B^n 

SUioon 

Fluorine 

Nitro^n (comp.) 

Aluminum 

Rubidium 

Lithium 

Phoaphorus 

Barium 

Iodine 

Arsenic 

Iron 

Manganese. . . 

Copper 

Zinc 

Lead. 

Selenium 
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Svlphw is present in sea water as sulphate ion, and is in this form 
usually determined by precipitation as barium sulphate. An exteitsive 
study of the sulphate distribution has been made by Thompson, Johnston, 
and Wirth (1931). Under stagnant conditions occurring in certain 
isolated basins, and in and near bottom sediments, a part of the sulphate 
may be converted to sulphide ion. Considerable quantities of sulphide 
occur in the Black Sea and in certain Norwegian fjords, and its presence 
has been reported in many localities. The sulphate :chlorinity ratio 
may also be modified by dilution with river water, which is generally 
relatively high in sulphate. Processes of freezil^g and melting may 
possibly affect the relative concentration (p. 216). 

Calcium is present in much smaller quantities than either sodium or 
magnesium, but its distribution in the ocean has been studied much more 
thoroughly, mainly because calcium is a major constituent of many 
skeletal remains found in marine sediments. By deposition of such 
remains calcium is permanently removed from the water, but this 
removal does not necessarily imply that the calcium concentration is 
decreasing, because a large supply is maintained by the river waters 
Rowing into the sea. Detectable differences in the calcium :chlorimty 
ratio have been observed. In the Baltic, Gripenberg (1937a) has shown 
that the type of river water which has diluted the sea water can be 
determined from that ratio. Furthermore, Moberg and Revelle (ife?) 
have demonstrated the existence of vertical differences in the calcium: 
chlorinity ratio which they attribute to the removal of calcium in the 
surface layers through biological activity. Interest in the concentration 
of calcium has also centered around the question of the solubility of 
calcium carbonate in sea water and the factors tliat control precipitation 
and solution. In certain areas calcium carbonate is apparently pre- 
cipitated inorganically, and in other regions it apparently passes into 
solution. In addition to these problems, knowledge of the calcium 
concentration is important in an understanding of the carbon dioxide 
system hi the sea, which will be discussed later. The quantity of calcium 
is usually determined by precipitation as the oxalate under care- 
fully controlled conditions and subsequent titration with potassium 
permanganate. One such method has been described by Kirk and 
Moberg (1933). 

Webb has pointed out that in this method for the estimation of calcium 
the strontium will be carried down, and hence the calcium figure will 
be too high by the equivalent amount of strontium. As the ratio 
calcium: strontium is apparently constant, Webb suggests that the 
"calcium” shall be taken to mean the calcium after the strontium and 
barium have been replaced by calcium. Since the barium is negligible 
in this case, the values of "calcium ” will be given directly by volumetric 
methods, but when the quantities are determined by weighing, corrections 
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must be applied (Webb, 1938). Values cited in this discussion are for 
calcium alone and have been obtained by correcting the anidytical data 
for the presence of strontium. The “calcium” Cl-ratio as defined by 
Webb and corresponding to the values of calcium and strontium in 
table 35 is 0.0214. 

Potassium is the fourth most abundant cation and is present in 
amounts of only a few per cent of that of sodium. The potassium is 
rarely determined directly, but apparently it bears a very constant 
relationship to the chlorinity (Thompson and Robinson, 1932). How- 
ever, the content of potassium may be modified by biological agencies, 
since some organisms, particularly the large algae, concentrate potassium 
to a marked degree. The ratio of the potassium to chlorinity may also 
be modified by dilution with river water. The potassium may react 
with the colloidal and clay particles brought to the sea by rivers 
and run-off, and consequently this agency may influence the ratio. 
Certain minerals formed on the sea bottom, such as glauconite, contain 
potassium. 

Bromine shows a very constant ratio to the chlorinity and is apparently 
all present as bromide ion. 

Discussion of the concentration of carbon in sea water is complicated 
by the fact that it occurs not only in the form of carbonic acid and its 
salts but also in appreciable amounts as a constituent of organic material, 
either living or dead. The detrital organic material may be either 
particulate or in solution. The solubility of carbon dioxide depends 
upon the temperature and salinity of the water, and exchange of carbon 
dioxide with the atmosphere takes place at the surface. Photosynthesis 
in the surface layers reduces the amount of carbon dioxide in the water, 
and respiration increases the concentration. Consequently, the quanti- 
ties of carbon present as either free carbon dioxide, bicarbonate, or 
carbonate will show a considerable range. These problems will be 
discussed in the sections dealing with the carbon dioxide system in the 
sea. The quantity of carbon given in table 36 was calculated on the 
assumption that only bicarbonate ions were present. The organic 
carbon, which is probably of the order of 2 to 3 mg/L (0.15 to 0.25 
mg-atoms/L), was not included. The methods by which the different 
carbon dioxide components and the particulate and dissolved organic 
carbon may be determined are discussed^later. 

Strontium has not been investigated in detail, as it is extremely 
difficult to determine quantitatively. In determinations of calcium by 
means of the oxalate precipitation, the strontium is carried down with 
the calcium, and consequently the ratio of calcium ’.chlorinity usually 
reported for sea water represents the calcium plus strontium reported as 
calcium. Strontium is a constituent of the calcareous skeletons of certain 
organisms. 
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Boron occurs in sea water in a siu^rising^ high concentration and 
bears a constant relation^p to the chlorinity. Apparently it is present 
as undissociated boric acid. There has been considerable uncertainty 
as to the form in which boron occurs, but the method of determination is 
standardized against boric acid and the values can at least be expressed 
as equivalent to a certain concentration of boric acid. The determination 
of boric acid in sen water is based on titration with very dilute sodium 
hydroxide in the presence of mannitol. Methods have been described by 
Harding and Moberg (1934) and by Igelsrud, Thompson, and Zwicker 
(1938). The amount of boron present in sea water is of interest in the 
carbonate equilibria and in this connection will be discussed later. Boron 
is concentrated by certain marine organisms. 

Silicon has been studied extensively because it is utilized by diatoms 
and other silica-secreting organisms. According to a tabulation by 
Thompson and Robinson (1932), the silicate-silicon varies by more than 
one hundredfold — namely, from 0.0007 to 0.11 ing-atoms/L (0.02 
to 3.0 mg/L). Clowes (1938) found values slightly exceeding .14 
mg-atoms/L (4.0 mg/L) in the deep waters of the Antarctic. Surface 
samples are usually low, owing to the development of silica-secreting 
organisms, but a progressive increase in silicate takes place with depth, 
which is ascribed to the dissolving of soluble silicates. However, there 
is always the possibility that the water contains silicon in some compound 
present in colloidal form. River water contains a high content of silicon, 
both in solution and as colloidal particles. Diatom and radiolarian 
oozes contain the siliceous remains’'of organisms that have developed 
near the surface and settled to the bottom after their death. Although 
siliceous deposits of oiganic origin cover large areas, most of the siliceous 
skeletal remains dissolve after the death of the organisms. Silicon 
present as soluble silicate is determined coiorimetrically. The method 
has been described by Thompson and Houlton (1933) and by Wattenberg 
(1937). Because of the rapidity with which water samples are con- 
taminated by silicate that dissolves from the glass, the analyses should 
be made soon after the water .samples are collected. Waxed containers 
are sometimes recommended, and it is always desirable to use "aged” 
bottles that have been thorouglily leached with sea water. Tourky 
and Bangham (1936) tested the reaction between the molybdate reagent 
and colloidal silica and found that the color development was not propor- 
tional to the amount of silicon present. Treatment of the colloidal 
silica with alkali prior to analysis yielded correct values. Experiments 
with sea water indicated that colloidal silica may pass into true solution 
on ageing. 

' Flwtrine is present in oceanic sea water in concentrations slightly 
above 1 mg/L. It is present as fluoride and, according to the work of 
Thompson and Taylor (1933), bears a constant ratio to the chlorinity. 
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The method of determinatitm is described by these authors, little is 
known concerning the role of fluorine in the sea. 

Nitrogen occurs in sea water both in compounds of various kinds 
and as free dissolved nitrogen gas. As it is an essential constituent 
living matter, nitrogen is found in organic compounds both in organisms 
and in particulate and dissolved organic material in amounts between 
0.1 and 10.0 MS*stoms/L (p. 264). In addition, it is present as nitrate, 
nitrite, and ammonia. In routine observations only the inorganic 
nitrogen compounds are determined. Nitrate- and nitrite-nitrogen are 
determined colorimetrically, and the ammonia either colorimetrically 
(Robinson and Wirth, 1934) or by micro-titration after distillation 
(Krogh, 1934). 

The nitrate method originally described by Harvey (1926) is given 
by Wattenberg (1937). Rakestraw (1936) and Wattenberg describe the 
procedure for the determination of nitrite. Since the inorganic nitrogen 
compounds are subject to change after the water samples have been 
collected, analyses must be run within a few hours. Even the addition 
of preservatives may not prevent changes in the NHj and NO 2 , indicating 
that purely chemical transformations may be involved. Ammonia 
tends to disappear in storage, and nitrite sometimes decreases, but at 
other times shows an increase. The nitrate, which is more abundant, 
does not show such relatively large changes. 

Because of their relatively low concentrations and their utilization 
by organisms, the inorganic nitrogen compounds show a wide range in 
values: 

Nitrate-N 0 . 1-43 . 0 Mg-atoms/L, 1-600 mk/L 

Nitrite-N 0.01-3.5 Mg-atoms/L, 0.1-60 mK/L 

Ammonia-N 0.35-3.5 >tg-atoms/L, 5-50 mK/L 

The distribution of nitrate in the oceans has been and is studied a 
great deal, as it may limit the production of phytoplankton when it is 
reduced to minimal quantities in the surface layers. Nitrate-nitrogen 
usually shows a subsurface maximum at a depth of several hundred 
meters. Nitrite nitrogen has a peculiar distribution and is generally 
found in a rather thin stratum in or above the thermocline. Less is 
known concerning the distribution of ammonia, as it is not so readly 
measured as the other inorganic compounds of nitrogen, but it is appar- 
ently rather uniform throughout the water column. 

Nitrogen compounds are carried to the sea by rivers and by precipita- 
tion. 'The greater part of these are supposed to have been fixed by 
electrical discharges in the atmosphere. Possibly a certain amount of 
the fixed nitrogen in the sea is liberated as free nitrogen and returned 
to the atmosphere. Bottom sediments contain a small peremtage 
of organic nitrogen in reristant oi^;anic detritus, and a part of this is 
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penn«aetttly lost from the water, as it is foaad in all types of sediments, 
both recent and fossil. As the carbon : nitrogen ratio in organic material 
is relatively constant, the organic nitrogen is frequently used as a measure 
of the amount of organic matter in marine sediments and also in the 
water. The distribution of nitrogen compounds and the nitrogen cycle 
in the sea are discussed in chapters VZI and XVIII. 

Aluminum is present in sea water in very small amounts. The colloidal 
clay particles which are carried to the sea contain a large percentage of 
aluminum, and hence analyse of water samples collected near shore may 
show the presence of aluminum, but it is not necessarily all in solution. 
The value given in table 36 is the average quantity reported by Haendler 
and Thompson (1939). Their values range between 0.006 and 0.065 
mg*atoms/L (0.16 and 1.8 mg/L) with an average of 0.02 mg-atoms/L 
(0.54 mg/L). 

Although earlier workers (Thompson and Robinson, 1932) were 
unable to detect rubidium in sea water, Goldschmidt (1937) has reported 
about 0.002 mg-atoms/L (0.2 mg/L). 

Lithium content of sea water has been investigated by Thomas and 
Thompson (1933), who found 0.014 mg-atoms/L (0.1 mg/L). 

Phosphorus, which is present in sea water as phosphate ions, is another 
of the essential constituents of living organisms, and its distribution in 
the sea is markedly affected by organic agencies. In addition to the 
nitrogen and silicon compounds, phosphate-phosphorus has been con- 
sidered as one of the substances that may limit production of plant life. 
The inorganic phosphorus concentrE(tion varies from virtually zero at the 
surface, under certain conditions, to approximately 0.003 mg-atoms/Ij 
(0.090 mg/L) at subsurface levels when values are corrected for salt 
error. There is frequently a subsurface maximum similar to that in the 
distribution of nitrate-nitrogen. Phosphorus removed from the surface 
layers by phytoplankton is largely returned to solution on the death and 
decomposition of the organisms. It is supplied by rivers, and some is 
removed from the sea, as a small quantity is present in most marine 
sediments. In certain shallow areas, phosphatic concretions are found 
that contain a rather high concentration of phosphorus. The mode of 
origin of these concretions is not yet known. It has been suggested that 
in many regions the water is supersaturated in respect to tricalcium 
phosphate which, therefore, may be deposited inorganically (Dietz, 
Emery, and Shepard, 1942). 

Phosphate phosphorus is determined colorimetrically. The method 
has been described by Robinson and Wirth (1935) and Wattenberg 
(1937). Cooper (1938a) has discussed the magnitude of the salt error. 
Phosphate analyses are frequently carried out as routine observations, 
and our knowledge of the distribution of phosphate in the ocean is fairly 
comprehensive. The rather scant knowledge we have concerning the 
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amount of phosphorus present as particulate or dissolved organic phoS' 
phorus will be discussed in connection with the phosphorus cycle in the 
sea (chapter VII). 

The amount of barium in sea water has been reported by Goldschmidt 
(1937) as 0.(X)04 mg-atoms/L (0.05 mg/L). This is lower than the values 
reported by Thompson and Robinson (1932). Barium occurs in marine 
organisms and it is a constituent of most marine sediments. In certain" 
localities the deposits contain large amounts of barium sulphate in the 
form of concretions and nodules. The mode of formation of these 
structures is not yet understood. 

The distribution and concentration of iodine in the sea has received 
a great deal of attention because of its important role in the physiology 
of man and terrestrial animals. Marine products are an important 
source of iodine-rich foods. The form in which iodine occurs in sea water 
is not yet clearly understood, but at least part of it is present as iodide 
and iodate. It is concentrated to a marked degree by marine plants, and 
for many years sea weeds have been used as a commercial source of iodine. 
The distribution and determination of iodine in sea water and marine 
organisms have been discussed by Gloss (1931) and Reith (1930). 

Arsenic content of sea water has been investigated by Rakestraw 
and Lutz (1933), who report values ranging from 0.15 to 0.3 Mg-atoms/L 
(9 to 22 Mg/L). This wide range is attributed to the fact that organisms 
may utilize arsenic in place of phosphorus. It is known to be a con- 
stituent of the tissues of many marine forms. The exact form in which 
arsenic occurs in sea water is not yet known. 

Iron is an essential constituent of plants and has been considered 
as one of the substances that may limit the amount of plant production 
in the sea. Investigations show that at least part of the iron is not 
present in true solution, as it can be removed by ultrafiltration. Cooper 
(1937b) has pointed out that the amount of iron in true solution as ferric 
or ferrous salts is probably less than 2 Mg/L, whereas the total iron 
present is generally about ten times this quantity. The amount present 
in the plankton may be as much as 16 per cent of the total iron of the 
water. Harvey (1937) considers that diatoms are able to adsorb and 
utilize colloidal iron. Iron is brought to the sea in relatively large quanti- 
ties in the colloidal clay particles, and consequently considerable amounts 
of iron are found in the marine sediments. In many instances the iron 
content of the sediments is even higher than should be expected, indicat- 
ing addition of iron through physical, chemical, or organic agencies. 
In inshore areas near the source of supply the total iron content of the 
water is sometimes much higher than that found in the open ocean. 
Methods for the determination of iron in sea water in its various forms 
have been described by Thompson and Bremner (i935a and b), Cooper 
(1935), and Rakestraw, Mahnte, and Beach (1936). 
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Manganete is appArently subject to concentration by marine organ- 
isms. Thompson and Wilson (1935) have reported values between 
0.02 and 0.2 mg-atoms/L (1 and 10 mg/L). The value cited by Gold- 
schmidt (1937) is 4 mg/L. Interest in manganese has been aroused by 
the occurrence of manganese nodules which are widely distributed in 
certain types of marine sediments, particularly in the Pacific Ocean. 

The quantity of copper present in sea water probably lies between 
0.02 and 0.2 pg-atoms/L (1 to 10 pg/L) (Marks, 1938, Watienberg, 1938). 
Copper is an essential constituent of many marine organisms and it is 
also considered a factor in the life history of oystd^, as a relatively high 
copper content of the water is apparently necessary for proper develop- 
ment of the larvae. 

Much interest is attached to the content of radioactive elements in 
sea water, because deep-sea sediments are high in radium, compared to 
igneous rocks, and it is considered that the enrichment must be due to 
precipitation from the water of radium or its precursors. The radium 
content of sea water has been studied by many investigators, using 
various techniques, but it is only recently that methods have been suffi- 
ciently refined to yield trustworthy results. Studies by Evans, Kip, 
and Moberg (1938) and by Pettersson and Rona (F6yn et al, 1939) show 
that the radium content, measured by the radon emanation technique, 
varies between about 0.2 and 3.0 X 10~'* Voo in sea water of salinity 
approximately 35 Voo. The low values are found in the surface layers, 
and it is suggested that organisms are responsible for a selective removal 
of this element. Both groups of workers found that organisms concen- 
trate the radium about one hundredfold in their soft tissues. Calcareous 
structures show an increase in the radium: calcium ratio over that in the 
water. The maximum value listed above — namely 3.0 X 10~‘* Voo — 
was found in water in contact with the sediments (Evans, Kip, and 
Moberg, 1938), and generally the radiiun content of the deeper Waters 
is about 1 X 10~‘* Voo. 

Pettersson and co-workers (Fdyn et al, 1939) have emphasized the 
importance of searching for the radioactive precursors of raffium, as this 
element has the relatively short half-life period of only 1690 years. Of 
these elements uranium and ionium are probably the most important, 
but thus far only uranium has been examined. Karlik (F6yn et al) 
has analyzed a number of samples from various parts of the oceans and 
obtained for oceanic water a mean value of 1.5 X 10~* Voo. Surface 
waters have a somewhat lower content than those from greater depths, 
but Karlik does not consider that the data are sufficiently adequate to 
show any differential removal. Studies of the dilute waters of the Baltic 
Sea showed that the uranium content was a function of the salinity. 

Fdyn and Rona (Fdyn et al) have sought for Uiorium in sea water, but 
have been unable to detect it by the most refined methods. By examining 
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very large samples they have fixed an upper limit of 0.5 X 10~* Voo for 
this element. Older and apparently less accurate methods yielded 
considerably higher values. 

The radium content of marine sediments and the theories concerning 
the deposition of radium and its precursors are discussed in the chapter on 
marine sedimentation. 

Preparation of Artificial Sea Water 

It is impossible to prepare solutions that exactly duplicate the proper- 
ties of sea water because (1) the ions (salts) in which the elements occur 
in sea water are not always known, (2) elements that occur in sea water 
in small amounts are present as contaminants in other compounds in 
quantities which may far exceed those that should be added, and (3) 
many of the salts which must be added in fairly large amounts are 
hygroscopic or contain water of crystallization and are difficult to weigh 
accurately. The latter difficulty may be partially avoided by preparing 
concentrated solutions of these salts, determining their concentration by 
chemical analysis, and adding the required volume of the solution. 

Although it would be of great interest to prepare solutions duplicating 
all the physical and chemical properties of sea water, it is generally 
not essential. In studies of certain of the physical-chemical properties, 
it is sufficient to add to the solution only the more abundant ions. In 
other instances — ^for example, when chemical methods are to be stand- 
ardized — only one element or ion need be accurately known and other 
ions only approximately. Furthermore, in experiments with marine 
plants the major elements may not have to be closely controlled, but it 
will generally be necessary to know the concentrations of the biologically 
essential elements that are normally present in small amounts. If 
possible, natural sea water should always be used in physical or biological 
studies, but in the latter case it is sometimes desirable to enrich the 
water with certain of the plant nutrients (p. 235). Rogers (1938) has 
discussed various “modified” types of solutions that are used in experi- 
ments on marine animals. 

In table 37 are given three suggested formulae for preparing solutions 
approximating the composition of sea water. They have been adjusted 
to yield solutions of 19.00 Voo chlorimliy'. The recipe of McClendon 
el al (1917), which has been used quite extensively, contains the nitrogen, 
phosphorus, and silicon needed by marine plants. Additional elemehts 
may be necessary but are probably always present as impurities. The 
formulae of Brujewicz (Sulmw, 1931) and of Lyman and Fleming (1940) 
contain only the major elements. The last-mentioned recipe corresponds 
to the composition of sea water given in table 35. The other formulae 
have not bW adjusted to the compositmn presented in earlier sections.of 
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this chapter. In all cases the reagents used should be examined for 
contaminants and, if necessary, purified. 


Table 37 

FORMULAE FOR ARTIFICIAL SEA WATER 
(Cl - 19.00 V») 


McClendon et al (1917) 

1 

Brujewic* (Subow, 1931) 

Lyman and Fleming (1940) 

Salt 

K/kg 

Salt 

g/kg 

Salt 

gAg 

NaCl. . . 

26.726 

NaCl 

26.518 

NaCl 

23.476 

MgCI,.. 

2.260 

MgCl,. 

2.447 

MgCl, 

4.981 

MgS04 . . 

3.248 

MgS04 . . 

3.305 

NajS04.. 

3.917 

CaCl,... . 

1.153 

CaCl 2 . . . 

1.141 

CaCl, 

1.102 

KCl. ... 

0.721 

KCl 

0.725 

KCl 

0.664 

NaHCO*. . 

0.198 

NaHCOa 

0.202 

NaHCOa 

0.192 

NaBr 

0.058 

NaBr 

0.083 

KBr 

0.096 

H.BO, 

0.058 



H,BO, 

0.026 

NaaSiOi . . . 

0.0024 



SrClj. . . 

0.024 

Na 2 Si 409 

i 0.0015 



NaF.. 

0 003 

H,P04 

0.0002 





AUCU. 

1 0.013 





NHz , . 

0.002 i 





LiNOa 

0.0013 ! 





Total 

34.4406 


34.421 


34.481 

Water to 1 

,000.0000 

Water to 1 ,000.000 

Water to 1,000.000 


Dissolved Gases in Sea Water 

All of the atmospheric gases are found in solution in sea water. In 
addition to nitrogen and oxygen, the most abundant gases in the air, 
carbon dioxide is present in large quantities in sea water, chiefly combined 
as carbonates and bicarbonates. Of the rarer gases, ammonia, argon, 
helium, and neon have been reported in sea water, and hydrogen is 
undoubtedly present in minute quantities. In the absence of dissolved 
oxygen, hydrogen sulphide may be present, and it is possible that in 
stagnating water other products of putrefactive decomposition, such as 
methane, may occur. 

Because of its importance in biological processes the dissolved oxygen 
distribution in the oceans has been examined intensively. Besides 
being an index to the biological history of the water, the general character 
of the distribution of oxygen in the deeper water is helpful in studies of 
currents and of mixing processes. The carbon dioxide distribution is of 
equal biological importance; its discussion begins on p. 192. Nitrogen 
has not been studied very widely, as it is apparently chemically inert. 
Argon is also inert, and is sometimes included with the nitrogen when the 
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dissolved gaees are determined gasometiically. The presence of helium 
and neon has been confirmed by Rakestraw, Herrick, and Urry (1939). 

Determination op Dissolved Gases. The content of dissolved 
oxygen is usually determined by the Winkler method, which depends 
upon the oxidation of manganous hydroxide by the dissolved oxygen. 
When acid is added, the oxidized manganese reacts with potassium iodide 
and sets free iodine, in amounts equivalent to the original dissolved 
oxygen content, which is determined by titration with sodium thiosul- 
phate. The Winkler method is simple and extremely accurate if certain 
precautions are observed in handling the water samples and reagents 
(Thompson and Robinson, 1939). 

Problems relating to the determination of carbon dioxide are dis- 
cussed on p. 192. 

Dissolved nitrogen cannot be determined by direct chemical methods, 
and hence gasometric techniques must be used. In general, the sea- 
water sample is acidified and all the gases are driven off by boilipg or by 
applying a vacuum. The carbon dioxide is then absorbed in alkali, 
and the oxygen is absorbed in alkaline pyrogallol. The residual gas is 
sometimes considered as atmospheric nitrogen,'^ although actually 
there are other gases, principally argon, mixed with it. Rakestraw 
and Emmel (1937) developed a method for determining the dissolved 
oxygen and nitrogen content of tea water by fiist extracting the gases 
and removing the carbon dioxide, then absorbing the oxygen on phos- 
phorus and the nitrogen on molten lithium. The oxygen contents 
determined in this way agreed with direct Winkler analyses The nitro- 
gen determinations on saturated water samples showed results con- 
sistently lower than the saturation values according to Fox (1907); 
further studies (Rakestraw and Emmel, 1938b) indicate that Fox's 
tables are slightly in error The gases remaining after the extraction of 
nitrogen are considered as argon." 

The presence of hydrogen sulphide can be detected by it^ character- 
istic odor. A method for its determination has been described by Gaarder 
(1916). Although commonly referred to as hydrogen sulphide, a part, at 
least, will not be present as fren* gas but as sulphide or bisulphide of 
some base. A h 3 ''drogen sulphide system somewhat comparable to the 
carbon dioxide system must exist, but it has not yet been investigated. 

The determination of ammonia is discussed in the section dealing 
with nitrogen compounds. 

The units to be used in reporting the concentrations of dissolved 
gases are mg-atoms/L or (ml of gas at NTP)/L. 

In some cases it is of interest to know the excess or deficiency of the 
concentration with respect to water of the same temperature and salinity 
in equilibrium with the normal dry atmosphere. The saturation values 
for oxygen and nitrogen are given in tables 38 and 39. If the saturation 
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vidues ate knowa, the percentage saturation may be calculated. In 
certain problems it is desirable to know the partial pressures of the gases 
dissolved in a given water sample. The factors for computing these 
values are discussed on p. 190. 


Tablb 38 

SATURATION VALUES OF OXYGEN IN SEA WATER (ml/L)* 
FROM NORMAL DRY ATMOSPHERE 
(Fox, 1907) 


‘v. 

Chlorinity (®/oo) 
^\^^8alinity (Voo) 
Tempera- 
ture CO 

15 

27.11 

16 

28.91 

17 

30.72 

32.52 

19 

34.33 

1 

20 

i 36.11 

-2 

9 01 

8.89 

8.76 

8 64 

8.52 

8.39 

0 

8.55 

8.43 

8.32 

8.20 

8.08 

7.97 

5 

7.56 

7.46 

7.36 

7.26 

7.16 

7.07 

10 

6.77 

6.69 


6.52 

6.44 

6.35 

16 

6 14 

6.07 


5.93 

5.86 

5.79 

20 

5.63 

5.56 


5,44 

5.38 

5.31 

25 

5 17 

5 12 

5.06 1 

5.00 

4.95 

4.86 

30 

4.74 

1 

4.68 

4.63 

4.58 

4.52 

4.46 

— w 


* mg-atoms of oxygen per liter » 0.0B931 X ml/L. 


Table 39 

SATURATION VALUES OF NITROGEN IN SEA WATER (ml/L)* 
FROM NORMAL DRY ATMOSPHERE 
(Rakestraw and Emmel, 1938b) 


Chlorinity (® ^oo) 
^'v.Salinity (®/oo) 
Tempera- 
ture CO 

15 

27.11 

16 

28 91 

17 

30.72 

38 

32.52 

19 

34.33 

20 

36.13 

21 

37.94 

0 

15.22 

15.02 

14.82 

14 61 

HSiSi 

14.21 

14.01 

5 

13.43 

13.26 

13.10 

12.94 

12 78 

12.62 

12.45 

10 

12.15 I 


11.86 

11.71 i 

11.56 

11.42 1 

11.27 

15 



10.79 




10.26 

20 


9.98 

9.87 

9,76 

9.65 

9.54 

9.43 

25 


9 21 

9.11 

9.02 

8.92 

8.82 

8.73 

28 ' 

8.89 

8.84 

8 72 

8.62 

8.53 

8.44 

8.35 


* ing«atoni8 of nitrogen per liter 0.08929 X ml/L. 


The dissolved oxygen in the sea varies between zero and 0.75 mg- 
aioms/L (about 8.5 ml/L), although in areas of low temperature and 
intense photosynthesis the content may exceed tins upper limit. Nitro- 
gen, which is apparently unaffected by biological processes, varies 
between 0.75 and 1.3 mg-atoms/L (8.4 and 14.5 ml/L). The total 
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carbon dioxide in oceanic waters varies between about 1.5 and 2.5 
mg-atoms of C/L (34 and 56 ml/L). “Argon” varies between 0.2 and 
0.4 ml/L, and the content of helium and neon in sea water is about 
1.7 X 10“* ml/L. The latter vtdues apparently represent the saturation 
values. Hydrogen sulphide, which is present in the water under excep> 
tional conditions, may occur in amounts of more than 1.0 mg*atom of 
S/L (22 ml/L) (Strom, 1936). 

Factors Controlling thb Distribution ov Dissolved Gases. 
The following general factors control the distribution of dissolved gases 
in the oceans: (1) temperature and salinity, which determine the concen- 
trations when the water is at the surface and in equilibrium with the 
atmosphere, (2) biological activity, which markedly affects the concentra- 
tions of oxygen and carbon dioxide, (3) currents and mixing processes, 
which tend to modify the effects of biological activity through mass 
movement and eddy diffusion 

Water in contact with the atmosphere will tend to reach equihbrium 
either by giving up or absorbing the individual gases until the water is 
just saturated Although the zone of contact is a thin one, convective 
movements due to cooling, evaporation, or wind action may bring a 
layer of considerable thickness into equilibrium with the atmosphere. 
According to Henry’s law the concentration, m, of a gas in a liquid is 
related to the partial pressure, p of the gas and to the character of the 
gas and the liquid: m = c,p. The numerical value of c,, the coefSicient of 
saturation (absorption), depends upon the umts for expressing the 
concentration of the gas in the solution and its pressure, and upon the 
chemical character of the gas and the temperature and salinity of 
the water 


Table 40 

COMPOSinON OF NORMAL ATMOSPHERE 


Gas 

Percent of volume ! 
or pressure 

Partial pres- 
sure, Torr 

Nitrogen 

78 03 

593 02 

Oxygen 

20 99 

159 52 

Argon 

0 94 

i 7 144 

Carbon dioxide ^ 

0 03 


Hydrogen, neon, helium 

0 01 


j 

iOO 00 

1 



With the exception of water vapor the relative composition of the 
atmosphere can be considered for practical purposes as constant (table 
40). This does not strictly apply to carbon ^oxide, rdatively slight 
changes in the partial pressure of which have a pronounced effect upon 
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tile amount in solution, and hence upon the hydrogen ion concentration 
and other properties (p. 202). Because of the vaiiaUlity in the water 
vapor pressure, the saturation is always assumed to take place from a 
diy atmosphere at standard pressure, namely, 760 Torr. The natural 
fluctuations and regional differences in the atmospheric pressure are 
neglected. 

The solubilities of those gases, such as oxygen and nitrogen, which 
do not react chemically with the water or its dissolved salts decrease with 
increasing temperature and salinity. The solubilities of oxygen and 
nitrogen in sea water of different salinities over> the normal range of 
temperature were investigated by Fox (1907, 1909). Fox’s values for 
oxygen are still the accepted standards, but his data for nitrogen have 
been superseded by those of Rakestraw and Emmel (1938b). The 
solubility of carbon dioxide is greater than that of oxygen and nitrogen 
because it reacts with the water. Part of the carbon dioxide is present 
as free COt and HiCOs, but in sea water by far the greater part is present 
as carbonates and bicarbonate, and for the same partial pressure the 
total COs content of sea water is much greater than that of distilled 
water or neutral salt solutions. The content of free CO2 and H2CO3 
decreases with increasing temperature and salinity. Argon is sometimes 
included with the ’’atmospheric nitrogen,” and, because its solu|)ility 
differs from that of nitrogen, the values of the saturation coefficients 
will be slightly modified. little is known concerning the other gases 
in sea water; however, both hydrogen sulphide and ammonia are very 
soluble gases and their saturation values can play no important part in 
their distribution. 

In table 41 are given values of the saturation coefficients (absorption 
coefficients) for oxygen, nitrogen, and carbon dioxide in fresh and sea 
water at different temperatures. The values for oxygen are from Fox 
(1909), as are also the values for nitrogen in distilled water. The other 
nitrogen values are from Rakestraw and Emmel (1938b). The values for 
carbon dioxide (Buch et al, 1932) correspond to the total CO2 in water of 
zero alkalinity or to the free COa and HtCOs in sea water. It is seen that 
carbon dioxide is much more soluble than the other two gases and that 
oxygen is about twice as soluble as nitrogen. 

From table 41 it is seen that within the range of chlorinity normally 
encountered in the oceans the temperature is the most important property 
influencing the solubility (see also tables 38, 39). 

In studies of the distribution of dissolved gases in the sea it is generally 
assumed that, whatever the location of a water particle, at some time 
it has been at the surface and in equilibrium with the air. In their 
studies of the dissolved nitrogen content Rakestraw and Emmel (1938a) 
have found that the water is virtually saturated (referred to a normal 
atmosphere), regardless of depth; therefore this assumption appc'ars 
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valid and also indicates that biologi<»l activity involAdng either fixation 
or producticoi of nitrogen cannot be sufficient to affect significantly the 
concentration of this gas in the water. As the waters of the oceans 
appear to have been saturated with oxygen and carbon dioxide at some 
stage in thtir histoiy when they were at the surface, the differences 
between the saturation values (computed from the temperatures and 
salinities) and the observed contents are measures of the changes which 
have been ^ected by biological agencies. The factors influencing the 
distribution of carbon dioxide are discussed in the following sections, 
and the distribution of dissolved oxygen will be cor^dered in many places 
in the enstiing chapters. 

The Carbon Dioxide System 

Although an extensive literature exists concerning the carbon dioxide 
system in sea water, publications prior to about 1929 are now chiefly 
of historic interest. The solution of the problems involved awaited 
not only the development of suitable analytical methods for the deter- 
mination of the total carbon dioxide and the various forms in which it is 
present in sea water, but also the development of the theory and methods 
for studying the hydrogen ion concentration and certain general theories 
in physical chemistry. In the brief discussion to follow, only the s^ent 
features of the contemporary theories will be presented. These may be 
adequate for many purposes, but the investigations are not yet closed. 
Methods of analysis require further refinements, and in many cases 
fundamental constants must be more^curately determined. 

Early investigators studying the carbon dioxide in sea water attempted 
to apply methods similar to those used for fresh water, where the carbon 
dioxide is largely present as free carbon dioxide that can be driven off by 
boiling, by applying a vacuum, or by bubbling through the water a 
stream of COrfree gas. The use of such methods on sea water gave 
variable and conflicting results. It was later found that in order to drive 
off all the COa a strong acid must be added to the water, indicating that 
at least part of the carbon dioxide was present as the carbonate or bicar- 
bonate of some basic cation. Methods were then developed for the 
determination of the total carbon dioxide and also for measuring the 
quantity present as carbonate and bicarbonate ions. It is now considered 
that the COj can exist in the following forms in sea water and that 
under any given set of conditions equilibria will prevail: 

COf(dis8olved) HtCOi HCOr(bicarbonate) C07(carbonate). 

If the gases in sea water are driven off by some suitable method, 
the COt present as dissolved gas will be removed and the equilibria will be 
displaced until virtually all of the free COt and carbonic acid are removed 
and the bicarbonate is all converted to carbonate. If a strong acid is 
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added to sea water, the equilibria will be cbsplaced toward the free CO*; 
consequently, if sufficient acid is added, all the CX)t is set free and can be 
determined either chemically or gasometrically. If an alkaline substance, 
such as sodium hydroxide, is added to sea water, the equilibria are shifted 
toward the carbonate, and the amount of carbonate ion will be increased. 
Although only a small fraction of the free COt is hydrated to form HjCOa, 
in the following discussion the free COs + HiCOt will be referred to as 
carbonic acid and written HjCOj. 

From the foregoing discussion it can be seen that the total COt in 
sea water does not follow Henry’s law for the solution of gases in inert 
solutions. Nevertheless, the partial pressure of the carbon dioxide in sea 
water in contact with the atmosphere will tend to establish equilibrium 
with that in the air. If the pressure is increased the amount in solution 
will be greater, and if it is reduced the quantity of COj will decrease. 
The quantity present in a sample of water in equilibrium with a given 
carbon dioxide pressure will depend on the concentration of carbon 
dioxide bound base and the temperature and salinity of the water sample. 
If these factors are kept constant, the partial pressure of CO 2 can be used 
as a measure of the total carbon dioxide content of the water. 

Htdbogen Ion Concentration (pH) of Sea Water. Sea water 
is normally alkaline. Since both the H+ and OH~ ions play parts in the 
equilibria, any understanding of the carbon dioxide system requires 
knowledge of their concentrations. Pure distilled water dissociates 
into hydrogen and hydroxyl ions : 

H,0 + OH-. 

The ionic product [H+] X 10H~], when the concentmtions are 
expressed in chemical equivalents per liter, varies somewhat with tem- 
perature, but at 25'’C is 10~‘* (p. 198). In pure water or in any solution 
that contains equal concentrations of H+ and OH“ ions, the solution is 
said to be neutral. If the concentration of H+ is in excess of OH~, the 
solution is acid, and if less it is alkaline. The ionic product is a known 
function of the temperature and salt concentrations; hence, if [H+] or 
[OH~] is known, the other can readily be calculated. For expressing 
the hydrogen ion concentration, a logarithmic scale is commonly used, 
where pH is the logarithm of the reciprocal of the hydrogen ion con- 
centration expressed as normality; that is, as equivalents per liter, 

pH «= log |]^‘ Thus, a neutral solution has a pH of approximately 7, 

an acid solution a pH less than 7, and an alkaline solution a pH greater 
than 7. It should be noted that a unit change in pH corresponds to a ten- 
fold change in the hydrogen ion and hydroxyl ion concentrations. 

The hydrogen ion concentration, or pH, of a solution may be deter- 
mined in various ways, but all are essentially either electrometric or 
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colorimetric. The hydrotpen electrode, which is the standard for measur- 
ing hydn^en ion concentration, cannot be used for sea water, as it 
invtdves bubbling gas through the solution and, thus, disturbance of the 
carixm dioxide equilibrium. Two other electrometric methods are 
available — the quinhydrone electrode and the glass electrode. The 
quinhydrone method is not accurate in the pH range normally encoun- 
tered, and the glass electrode has not yet been extensively applied to the 
study of sea water (Ball and Stock, 1937, Buch and Nynas, 1939). 
Hence, virtually all of our knowledge conceming.the hydrogen ion con- 
centration in sea water is based on colorimetric methods. 

Certain organic compounds classed as indicators have the property 
of changii^ color over a given range of hydrogen ion concentration. 
So-called bicolor indicators have one color when in an “acid” solution 
and another color when in an “alkaline” solution. For any indicator 
the color change takes place over a definite range in pH, and, at the 
hydrogen ion concentration that is numerically equal to the dissociation 
constant of the indicator, equal quantities of both color phases are present 
in the solution. The range in pH for which various indicators can be 
used is described by Clark (1928), who also gives in detml the methods for 
preparing the indicators. For sea water, cresol red and phenol red arc 
generally used, as they cover the pH range normally found in the sea. 
When working in high pH ranges, brom thymol blue is commonly usc^. 

Three important properties of pH indicators must be known before 
they can be applied to sea water: the dissociation constant of the indica- 
tor, the effect of temperature upon this value, and the salt error. The 
presence of neutral ions in the solution has a pronounced effect upon the 
color and, hence, upon the apparent pH as determined by indicators. 
This is known as the salt error. In general, neutral salts increase the 
apparent dissociation constant of the indicator, and therefore give low 
pH readings. In practice a carefully controlled quantity of an indicator 
solution is added to a sample of sea water, and either the color developed 
is compared to a set of tubes containing the equivalent quantity of 
indicator in solutions of known pH or the sample is examined in a bicolor- 
imeter. The accepted colorimetric technique used for determining the 
pH of sea-water samples and the correction to. be applied for salt error 
and temperature effects are described by Buch (1937) and by Buch and 
Nynas (1939). Because of the effects of changes in temperature and 
pressure upon the dissociation constants of carbonic acid (p. 200) the 
measured pH of a sea-water sample will differ from the pH in situ. The 
magnitude of the temperature correction is given by Buch (1937), and 
the effect of pressure upon the pH has been studied by Buch and Gripen- 
bqrg (see Buch et al, 1932). 

The pH encountered in the sea is between about 7.5 and 8.4. That 
is, the hydrogen ion concentration ranges from 32 X 10~* to 4 X 10~* 
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equivalents per liter. The higher pH values are generally encountered 
at or near the surface. Where the water is in equilibrium witii tibe COt 
in the atmosphere, the pH is between about 8.1 and 8.3, but higbor values 
may occur when the photosynthetic activity of plants has reduced the 
content of COj. Below the euphotic tone the pH shows a certain 
relationship to the amount of dissolved oxygen in the water. In repoos 
where virtually all the oxygen has been consumed, and consequently 
where the total CO 2 is high, as at depths of about 800 m in the eastern 
portions of the Equatorial and North Pacific, the pH approaches a 
minimum value of 7.5. This is a limiting value, because no more COi 
can be formed. Below the minimum oxygen layer there is generally a 
gradual increase in pH with depth. Under the peculiar conditions that 
may prevail in tide pools, bays, and estuaries, the pH sometimes exceeds 
the values cited above. Furthermore, in diluted water and in isolated 
basins where HjS is produced the pH may approach 7.0 or even fidl in 
the acid range. 

Alkalinity and Carbon Dioxide Components. The total amount 
of carbon dioxide in sea water, present either as free gas or bound, may 
be determined gasometrically after a strong acid has been added to the 
water to break up the carbonate compounds. Such a method has been 
described by Greenberg, Moberg, and Allen (1932). In order to deter- 
mine the carbon dioxide components — namely, the amounts present as 
carbonic acid (including the free COi), bicarbonate, and carbonate — 
titrations must be made. For a given sample of sea water the amount 
of a strong acid (usually HCl about 0.01 normal) necessary to reduce 
the pH to about 4.5 is independent of the total COt. This amount of 
acid is required to set free the weak acids whose anions have been bound 
against basic cations. It is therefore not only a measure of the quantity 
of anions of weak acids in the sample, but also of the cations balanced 
against them. This quantity, when expressed as the number of milli- 
equivalents of hydrogen ions (mg-atoms of H'*') necessary to set free 
the ions of weak acids in a volume of water which at 20° has a volume of 
1 L, is known as the alkalinity. This quantity has also been referred to 
as the titratable base, excess base, titration alkalinity, and buffer capacity. 
The term alkalinity has been adopted as the standard designation by the 
International Association of Physical Oceanography (1939). It should 
be noted that the term as here definedshas no relation to the hydroxyl 
ion concentration or to the fact that sea water is normally alkaline. 

A number of methods have been suggested for determining the 
alkidinity, and these have been summarised by Thompson and Robinson 
(1932) and Gripenbepg (1937b). In general, they follow one of two 
techniques. Either the titration is carried out in the presmee of the 
carbon dioxide, in which case the end point is taken at about 4.6, or 
the carbon dioxide is driven off. In the latter case a higher pH, about 
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7.0, is used. the carbon dioxide is driven off, an exoen of acid may 

be added, the solution boiled to free' it of COt, and then the excess acid 
determined by titration; or the measurement may be made directly upon 
the sample, which is held at the boiling point during the titration. 
Another method has been to add a known quantity of acid to the sample 
of sea water and then to determine the pH (Mitchell and Rakestraw, 
1933). It has been implied that all of these methods will give the same 
value for the alkidinity, but this is not necessarily, the case, and it is 
hoped that a standard method will be establishe<i. 

The alkalinity bears a fairly constant relalion to the chlorinity. 
The alkalinity :cUorosity factor for surface water has been determined 
by a number of workers and found to be close to 0.120 when the alkalinity 
is expressed in terms of milligram-atoms. The designation specific 
alkalinity that has been used in some cases is obtained by dividing the 
alkalinity, as mg-atoms/L, by the chlorinity, in g/kg, but such a mixed 
ratio should not be used. In water from greater depths the ratio may be 
somewhat higher than that given above, approaching an upper limit of 
0.125 near the sea floor (Wattenberg, 19^). In brackish water the 
ratio may be increased tremendously if the river water is high in bound 
carbonate compounds. When the alkalinity rchlorosity factor is to be 
used as an index in studies of industrial pollution, the “normal" change 
in the ratio with concentration must first be established in samples of 
sea water diluted with unpolluted river water. Observations by Moberg 
and Revelle (1937) and by Wattenberg (1936) have shown that in oceanic 
water the increase in the Ca:Cl fai^r with depth is equivalent to the 
rise in the alkalinity :CZ factor. This indicates that changes in the 
alkalinity and calcium are of common origin — namely, precipitation or 
solution of CaCO(. Further material concerning the regional variations 
in the alkalinity : chlorosity factor is given on p. 208. 

Because variations in the alkalinity: chlorosity factor in oceanic 
water are associated with corresponding changes in the calcium ; chlorosity 
factor, the calcium content of the water may be computed from the 
alkalinity by the following expression: 

Cs(mg-atoms/L) = -f 0.465 X chlorosity. 

This procedure for estimating calcium hsis been followed by Wattenberg 
(for example, Wattenberg, 1936). 

It may be seen that the alkalinity: chlorosity factor of 0.1205 is the 
same as the HCOf:Cl factor given in table 35, when the bicarbonate 
is expressed as milUgram-atoms of carbon per liter. The reason for this 
identity is that, in preparing the table, it was assumed that the pH of the 
water was such that only bicarbonate ions were present and, hence, 
would be equivalent to the alkahmty. 
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In discusBioDB of the carbon dioxide system in sea water, the concen- 
trations of the components have commonly been given in milUmoles per 
liter. These are numerically identical with concentrations given as 
mg-atoms/L of carbon. 

Salts of weak acids containing the following elements are known to 
occur in sea water: carbon, boron, phosphorus, arsenic, and silicon. Of 
these, salts of carbonic and boric acid only are present in sufficient 
concentrations to affect the magnitude of the alkalinity. For the present, 
we shall neglect the boric acid, which does not affect the alkalinity deter- 
mination and which has to be considered in the carbonate system only 
at higher pH’s. The alkalinity may then be taken as a measure of the 
concentration of bicarbonate and carbonate ions, and 

[A] = [Hcori + 2[cor], 

where the brackets indicate molar concentrations — that is, gramroUnnB of 
carbon per liter. The [HjCOs] may be determined by titration with 
sodium hydroxide and the [CO 7 ] by titration with acid, using carefully 
controlled end points. The method is described by Greenberg, Moberg, 
and Allen (1932). It is shown later that the concentration of either 
H»CO» or CO 7 will be negligible when the other is present in significant 
quantities. Therefore we may write: 

[SCO,] = IH,CO,] + (HCOjr) and [A] = [HCOr], 
or 

[SCO,] = [HCOr] + [COT] and [A] = [HCOf] + 2[C07]. 

By substituting in these equations the measured quantities, the other 
components may be obtained. 

Studies of the carbon dioxide system based on measurements made by 
these methods have been reported by Greenberg, Moberg, and Allen 
(1932) and Moberg, Greenberg, Revelle, and Allen (1934). In fig. 38 
are shown vertical distribution curves for the carbon dioxide components, 
total carbon dioxide calculated from the titrations and by direct gaso- 
metric measurements, and the alkalinity at a station off the coast of 
southern California. The total CO, obtained by the two methods 
agrees very well and shows a general increase with depth. In the upper 
layers there is an appreciable amount of CO 7 , but this decreases to aero 
at 200 m, and below this level H,COi oCaurs in quantities which increase 
with depth. The alkalinity is indicated for the upper 200 m, below 
which it corresponds, of course, to the curve showing the amount, of 
HCO 7 . . The increase of alkalinity with depth may be partly due to the 
biological precipitation of CaCO, in the upper layers, but in this area 
it is principally associated with the increasing salinity. 

We shall now proceed to a discussion of the laws governing the 
equilibria between the various carbon dioxide components, tibie alkalinity. 
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and the parUal pressure of CO*. Thus far it has been assumed that the 
alkalinity a measure of the equivalents of HCO|[' and CO 7 ions and 
of the caticms bound against them, but this concept must be modified 
somewhat. Hydrogen and hydroxyl ions must also be taken into account, 
and, at the higher pH’s, the boric acid as weM. Since boric acid is a 



Fig. 38. Vertical distribution of the alkalinity and carbon dioxide components 
off southern California. 


weak acid, only the first dissociation stage need be considered. The 
balance between the ions with which we are concerned may be written 

[A] + [H+l = [HCOri + 2[COr] + [HjBOj-] + [OH-]. 

If we indicate the portion of the base (alkalinity) directly bound to the 
carbon dioxide components as .Acotr the relationship may be written 
(Such, 1933a,b) 

Wcoj - UI - 

where all concentrations are in gram-atoms per liter. K'^ is the apparent 
first dissociation constant of boric acid in sea water at the particular 
temperature and salinity prevailing, and is the ionic concentration 
product of water, [H+] X [OH-], under similar conditions. According to 
Buch (1938) the ionic product in sea water at 20** can be computed from 
the following equation : 

pKw = 14.170 - 0.1517 -b 0.0083 Cl. 

pKw decreases by about 0.085 for each 1 -degree rise in temperature 
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(Doney, 1940). The expression pKw bears the same relation to Kw 
that pH does to [H'**] and is the logarithm of the reciprocal of the ionic 
product. The same convention is used in expressing dissociation con- 
stants. The total concentration of boric acid [SHiBOi] can be obtained 
from the chlorosity: 


[SHjBOs] = 0.0221 X chlorosity X 10~*. 

According to Buch the dissociation constant of boric acid can be 
expressed as 

pK'a = 9.22 - 0.123 - 0.0086 Cl. 

The correction to be applied to the alkalinity to obtain Acoi is appreciable 
at the higher pH’s, as can be seen 
from fig. 39, where the quantities 
are given as milliequivalents per 
liter. 

The equation for the first dis- 
sociation constant of carbonic 
acid is 


[H+] X [HCOrl 
[HsCOJ 

and for the second: 


K\, 



[H^] xjcqrl _ j., 

[HCOr] " 


Fig. 39. Concentrations of hydroxide- 
bound (Aoh") and borate-bound 
(Ah,bO(~) base as a function of pH in 
water of Cl 19.00 “/•» 20'C. 


where the brackets indicate molar concentrations. By introducing the 
relationships 

[^00.1 = IHCOJ-] -b 2[C07l 

and [SCO,] = [H,CO,] + [HCO^] -|- ICOr], 

it is possible to eliminate HCOf and CO 7 from the above equations and 
obtain them in the following form: 

[H'*'l X [AcoJ 

(1 + X [SCO,] - (1 + jfjj) X [Aco,] 

[H+] X |(l + X [AlLj - l2CO,]| 

2[2c 6,] - [AooJ 

Extensive investigations have been carried out to determine the 
magnitudes of Kj and These studies have been reported by Buch, 
Harvey, Wattenberg, and Gripenberg (1932), and by Moberg, Greenberg, 
Revelle, and Allen (1934). Buch and others have followed up the w<h^, 



iOO CH»MSTRY OP SEA WATER 


using more refined methods wad theories. According to Buch ei ol 
(1932), 

pK'i - 6.47 - 0.188 at20“C. 

Corrections for temperature can be computed from the following expres- 
sions: 

Near 20*C, AplCj = -0.006Ad. 

Near 5“C, ApX( = -O.OOOAd. 

The effect of hydrostatic pressure, as expressed by means of the depth 
Az in meters, on the first dissociation constant is % 

ApfiTj = -0.48 X 10-*Az. 

Buch (1938) found that the second dissociation constant of carbonic acid 
in sea water at 20‘*C may be computed from the following equation: 

pK't = 10.288 - 0.443 - 0.0046 Cl. 

Over the normal range of chlorinity in sea water a simpler expression is 
adequate — namely, 

pK't = 10.35 - 0.498 

The temperature and pressure corrections are 

ApKi « -0.011Ai>(at 20“). 

ApiC; = -0.012Ad(at 5“). 

ApKi « -0.18 X lO-^Az. 


For any given set of conditions, as expressed by means of .temperature, 
salinity, pressure, alkalinity, and pH, the values of Aco, end K[ and 
can be calculated. From these the total carbon dioxide and its various 
components can be computed from the following equations (Revelle, 
1934): 

Uco.) 


[2C0,] = 


^ ^ fLfXl 


. K', 


r, + 1 


IHCOj] 
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_ [AcoJ 
2k't 

IH+] 

I'd CO,] 


)• 


1 + 




1 + 


[H,CO,] = 


1 + 


2Ki IH+] 
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2^ 
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In fig. 40 are shown the variations in the carbon dioxide components 
with pH, cidculated from the equations given above for sea water of 
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Cl 19 at ^ and at atmospheric pressure. The CO* 

components are ^ven as mg-atoms/L of car^n and as ml/L of CO*. 

The partial pressure of carbon dioxide is related to the amount of 
free CO* + HjCO* (indicated as H*COi; see p. 190) in the solution: 

^ [H,CO,] 

c, X 10-' 

The value of c, (p. 191) depends upon the temperature and salinity and 
the units used for expressing the concentration and partial pressure. 



Fig. 40. Cart>on dioxide components in sea water of 
Cl - 10.00 Voo at 20*C as a function of pH and the partitd 
pressure of carbon dioxide. 


In fig. 41 are shown curves for at difierent temperatures and chlorini- 
ties, where they represent the amount of HtCO*, in milligram atoms of 
carbon per liter of sea water, in solution under the designated conditions 
when the partial pressure of CO* is 1 physical atmosphere (760 Torr). 
At 20" and 19 V oo Cl, c* is 34.2. That is, a partial pressure of one atmos- 
phere of CO* would be in equilibrium with a wlution containing 34.2 
milligram-atoms of carbon as free CO* -|- HtCO*. The data are from 
Buch et al (1932). 
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The variations in pooi with the other components is shown in fig. 40. 
The range is fr(»n less than 0.01 to greater than 100 Torr (0.1 X 10~* to 
1000 X 10~* atm). The relationship over the pH range normally 
encountered in sea water is shown in the inset diagram in fig. 40. Between 
pH 7.5 and 8.3, pooi decreases from 1.4 to 0.15 Torr (18.0 to 2.0 X 10~^ 
atm). The average partial pressure of COi in the air is about 0.23 Torr; 
hence surface sea water of Cl — 19.0 Voo at 20 ” will have a pH of 8.2 if 

it is in equilibrium with the 

ao| 1 1 1 , , 1 '» 

. atmosphere. 

TO !Ny _ Sea Water is a very favor- 

k N. . able medium for the devel- 

•0 -NX N. - opment of photosynthetic 

I - 'nx - organisms. It not only con- 

?so - “ tains an abundant supply of 

\ ‘ removal or addition 

~ considerable amounts re- 
^ marked changes of 
the partial pressure of CO* 
'' ♦ “ 17“ ^ and the nH of the solution, 

. . V . both of which are properties 

Fig. 41. Absorption coefficient (e.) of ,. . • .i. i • i 

carboi dioxide in sea water as a function of 0^ importance m the biological 
temperature and chlorinity. environment (p. 268). If the 

CO 2 available for photosyn- 
thesis is assumed to be H 2 CO 8 + 0.48 mg-atoms of carbon per 

liter may be removed from water of G1 == 19 Voo with an increase of the 
pH from 7.5 to only 8.5. In distilled water or in an inert salt solution 
of zero akalinity initially at pH 7.5, the total CO 2 would be about one 
seventh of that amount. 


Fig. 41. Absorption coefficient (c*) of 
carbon dioxide in sea water as a function of 
temperature and chlorinity. 


Buffer Action of Sea Water. If a small quantity of a strong 
acid or base is added to pure water, there are tremendous changes in the 
numbers of H+ and OH~ ions present, but the changes are small if the 
acid or base is added to a solution containing a weak acid and its salts 
or a weak base and its salts. This repression of the change in pH is 
known as buffer action^ and such solutions are called buffer solutions. 
Sea water contains carbonic and boric acids and their salts and is, there- 
fore, a buffer solution. Let us consider only the carbonate system. 
Carbonate and bicarbonate salts of strong bases, such as occur in sea 
water, tend to hydrolyze, and there are always both H+ and OH- ions 
in the solution. If an acid is added, carbonate is converted to bicarbonate 
and the bicarbonate to carbonic acid, but, as the latter is a weak acid 
(only slightly dissociated), relatively few additional hydrogen ions are 
set free. Similarly, if a strong base is added, the amount of carbonate 
increases, but the OH“ ions formed in the hydrolysis of the carbonate 
increase only slightly. The buffering effect is greatest when the hydrogen 
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ion concentration is equal to the dissociation constant of the weak acid 
or base — ^that is, when the concentration of the acid is equal to that of 
its salt. 

Ctcle of COs between Sea amp Atmosphere. Investigations of 
the partial pressure of COi in the ocean and the atmosphere have been 
made by Krogh (1904) and Buch (1939a, b). The following internal 
changes will increase or decrease the poot the surface layer: 


Increase pcot 

1. Rise in temperature 

2. Rise in salinity (evaporation) 

3. Respiration 

4. Precipitation of CaCOs 

5. Deep water brought to surface 


Decrease pcot 

1. Decrease in temperature 

2. Decrease in salinity 

3. Photosynthesis 

4. Solution of CaCOj 


The partial pressure of COt in the surface water can be computed with 
sufficient accuracy when the temperature, salinity, alkalinity, and pH 
are known, but, before a better understanding of the COj exchange 
between the sea and the atmosphere can be obtained, a far more com- 
prehensive study of the partial pressure of the atmospheric CO* must 
be made. Buch (1939b) has reported a number of direct observations 
on the CO 2 content of the air which indicate that polar air is relatively 
low in CO* (pcoi = 0-23 Torr), compared to continental and tropical 
air (pcot = 0.25 Torr). It has been suggested that in low latitudes the 
air Is enriched with CO* from the ocean and that the general atmospheric 
circulation carries the CO* into high latitudes. There it again dissolves 
in the sea water, which in time brings it back toward the Equator. 

Activity op Ions in Sea Water. The apparent first and second 
dissociation constants of carbonic acid and the first dissociation constant 
of boric acid in sea water are larger than in distilled water and increase 
with increasing salinity. That is, the strength of these acids appears to 
be greater in solutions containing salts. These phenomena can be 
accounted for on the theory of activity introduced by I^ewis and Randall 
(1923) and developed mathematically by Debye and Hfickel. In a 
solution containing a mixture of electrolytes, such as sea water, there is a 
mutual interference of the ions, so that their activity or ability to par- 
ticipate independently in some reaction is much reduced. Most chemical 
determinations measure the total conc^Rtration of some ion and not its 
activity; however, certain physical measurements show the activity. 
For example, electromotive force determinations involve the activity 
of the hydrogen and other ions. Similarly, the measurement of the 
vapor pressure of a solution of a nonvolatile compound is an indication 
of the activity of the solvent. The activity will be less than that of the 
pure solvent under similar conditions. 'I'he partial pressure of dissolved 
gases is a measure of their activity. 
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The activity coefficient y is related to the activity <x of an ion as In the 
following example: 

X [H+] = ttH** 

Hence, is the activity of the hydrogen ions expressed as gram-atoms 
per liter and [H'*'] is the stoichiometric concentration. 

In the studies of the carbon dioxide system in sea water, the total 
COt, alkalinity, and carbon dioxide components are measured chemically, 
and hence the values represent the stoichiometric values and not the 
activities. On the other hand, the hydrogen ion. concentration is deter- 
mined colorimetrically or electrometrically, and these methods yield the 
activity of hydrogen ions directly. Therefore, in the equations relating 
the COj components an* could have been inserted instead of IH+]. 
The dissociation constants have been referred to as apparent dissociation 
constants, in contrast to the thermodynamic constants that would be 
obtained at infinite dilution, where the activity coefficients (y) are unity. 
The apparent dissociation constants are indicated by the symbol prime 
(0 — for example, K^. For carbonic acid the thermodynamic second 
dissociation constant can be written 

wf _ Oh* X 7co«* X [CO,-] 

■■ THco".- X [HCO.-j"’ 


and this is related to the apparent dissociation constant (Moberg et al, 
1934): 

pit, = piCr+log'^’*'^*' 

Tcor 

Similarly, 

pKt = pic;-i-iog^^- 

ThCOs" 


The value of 7 h,coi depends upon the relative solubility of CO 2 in 
pure water and in sea water at the same temperature and upon the 
activity of the water m the two cases: 


7hiCOi — 


£0 

c. 



The subscript o indicates values at infinite dilution, and the subscript s 
the values at the concentration under consideration. The values of 
Co and c, can be obtained from fig. 41, and e, and c, (the vapor pressures) 
can be computed (p. 67). 

From the empirical equations relating pK[ and pXj to the temperature 
and chlorinity, we know that at 20“ and aero chlorinity the thermo- 
djmamic values are pKi - 6.47 and pKt = 10.288, and, at 19.00 Voo Cl, 
pK[ = 5.97 and pATj = 9.02. By substituting these values and yaaco. 
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(in this case 1.131), it is possible to detennine the activity coeffidents for 
the carbonate and bicarbonate ions. This substitution yields 

■yHoot- ** 0 36, Yoo»* ““ 0.019. 

Thus, in sea water of 19.00 Voo Cl at 20**, only about one third of the 
bicarbonate and one fiftieth of the carbonate ions are “active.*' This 
will be considered again with reference to the solubility of CaCOt. 

Empirical equations have been presented which relate pK[ and pK\ 
to the cube root of the chlorinity. It has been shown (Buch et oZ, 1932, 
Moberg et al, 1934) that these equations are generally valid for salt 
solutions other than sea water if the ionic strength is used instead of 
chlorinity as a measure of concentration. The ionic strength (m) of a 
solution is obtained by first mialtiplying the concentration of each 
individual type of ion, in moles per kilogram of solvent water, by the 
square of its valence, and then taking half the sum of these products 
(Lewis and Randall, 1923, p. 373). Lyman and Fleming (1940) have 
shown that the ionic strength of sea water in the normal range of con- 
centration may be computed from the expression 

/I = 0.00147 + 0.03592 Cl + 0.000068 Cl*. 

Moberg et al (1934) have summarized the pertinent data, but no satis- 
factory expressions have yet been developed to show the manner in 
which the activity coefficients of the different ions in sea water change 
with concentration. 

SoiiUBiUTY OF CaCOs- The solubility of an electrolyte, such as 
calcium carbonate, may be expressed by a solubility product. The solu- 
bility product is identical with the ionic product (if concentrations are 
expressed as moles per liter) when the solution is in equilibrium with the 
soUd salt and, therefore, saturated. The value of the solubility product 
depends upon temperature, the concentration of other ions (salinity), and 
the hydrostatic pressure. If, under a given set of conditions, the ionic 
product is less than the solubility product, the solution is undersaturated; 
if the ionic product is greater the solution is supersaturated, and if 
suitable nuclei are present, precipitation will proceed until the ionic 
product equals the solubility product. 

The solubility product of CaCOi(JCo.oo.) in distilled water at 20** is 
5.0 X 10~*. In sea water of chlorinity 19.00 Voo and at the same tem- 
perature, the calcium content is 10.23 mg-atoms/L, and at pH 8.2 the 
carbonate ion concentration is 0.26 mg-atoms/L of carbon. Therefore 
the ionic product is 

lCa++l X [C07J - 10.23 X 0.26 X 10-» « 2.66 X 10-*, 

which is 530 times greater than the solubility product in distilled water. 
If solubility data for distilled water are to be applkd to sea water, it is 
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necessary to take Hie activity of the ions into account. It has bera 
shown (p. 205) that the activity of the CO“ ions is about 0.02, and intro* 
ducing this correction reduces the apparent supersaturation to about 
tenfold. Since no data are yet available for the activity of the Ca'''+ 
ions in sea water, it is impossible to apply solubility products determined 
for distilled water to test the relative saturation of calcium carbonate 
and other salts in sea water. 

It is therefore necessary to determine empirically the concentrations 
of Ca++ and COj that cam exist in contact with solid CaCO*. Working 
at 30*’ and increatsing the CO 7 content by lowering %he total COt, Revelle 
and Fleming (1934) obtained precipitation of CaCOs as aragonite needles 
and spherulites. The calcium content of the solution was determined 

directly, and the CO 7 was calcu- 
lated from measurements of the 
pH, alkalinity, and chlorinity. 
The average of three experi- 
ments gave Kaxx), = 2.4 X 10~* 
at 30'’C. Wattenbcrg haus carried 
out a number of .studies on the 
solubility of calcium carbonate in 
sea water. His general procQdure 
was to add CaCOs crystals to sea 
water, and in some instances to 
increase the pco,- The sea-water 
.samples were then placed in .sealed 
flasks and agitated until equililv 
rium was established. The calci- 
um content of the water wa.s 
calculated irom the alkalinity 
measurements (p. 196), and the 
CO 7 was obtained with the aid of 
pH determinations. Wattenberg and Timmerman (1936) give the fol- 
lowing values for the apparent solubility product in sea water of Cl = 
18.5 to 19.5 Voo: 

Temperature, "CO 5 10 16 20 26 30 36 

Kc.co, 8 1 7.9 7 4 6 8 6.2 5.6 4.7 3.8 X 10"' 

At 30** Wattenberg’s value is only one fifth of that obtained by Revelle 
and Fleming. No satisfactory explanation of this difference has yet 
been offered. In fig. 42 the ionic product in sea water of Cl ** 19.00 V 00 
at 20® is plotted against pH. The value of Kc^co^ for this temperature 
obtained by Wattenberg — ^namely, 0.62 X lO”* — would indicate that 
supersaturation exists at all pH’s above about 7.5. Surface water in 
equilibrium with the atmosphere has a pH of about 8.2 and would be 



Fig. 42 Tonic product [Ca'^+] X 
ICO*"] in sea water of Cl = 19.00 Voo at 
20“C as a function of pH. The hori- 
zontal lines indicate the .solubility product 
according to Wattenberg (0.62 X 10“®), 
and according to Revelle and Fleming 
(3.2 X 10’ «) 
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about 8ixf(dd sup^aaturated. The J&noo, obtuned by Revelle a&d 
Fleming, on the other hand, if correeted to 20*, would be 3.2 X 10*^, 
which would indicate that surface water is about saturated with CaCOt 
under these conditions. It hardly seems likely that surface sea water 
can as lughly supersaturated as Wattenberg’s values would indicate. 
As an explanation it has been suggested that the calcium carbonate may 
not be free as ions but may be present in some complex, or possibly as 
colloidal calcium carbonate. On the other hand, it may be that the 
empirically determined values of Kc,ao, are not applicable to sea water 
because of lack of equilibrium or faulty experimental technique. Further 
studies must be made before these points can be decided. 

Smith (1940) has investigated the calcium carbonate deposition that 
takes place in the shallow waters overljring the Bahama Banks. He 
found the alkalinity to be much reduced, and from measurements he 
computed the ionic product, [Ca"*^] X [C07l. Minimum values of the 
product that he considers approach the solubility product were found to 
fall between the values of Revelle and Fleming and those of Wattenberg. 

According to Wattenberg (1936), at 20“ changes with the 

chlorinity in the following way: 

Cl, Vco 0 5 10 15 20 

X(^co, 0.06 1.8 4.0 6.0 6.2 X 10-^ 

That is, in sea water the apparent solubility product of CaCOt increases 
with chlorinity and decreases with temperature. 

Revelle (1934) and Wattenberg (1936) consider that hydrostatic 
pressure has no significant effect upon the value of K'anoo^. However, 
it should be remembered that, because of changes in the dissociation 
constants of carbonic acid, pressure does modify the relative amounts of 
HC07 and COr in the water. Hence, water that is saturated at the 
surface will be slightly undersaturated if subjected to hydrostatic pres- 
sure, even if the total COj and calcium contents remain unaltered. 
Conversely, bottom water saturated with CaCOa will be supersaturated 
when brought to the surface. 

Although our knowledge of the values of under different condi- 

tions is incomplete and uncertain, it is possible to show the effect of 
changes in the conditions upon the ionic product, thus obtaining an 
understanding of those agencies that will favor precipitation or solution. 
Revelle (1934) has shown that, in surface water, increase of the salinity 
and the temperature, and decrease of the pexH — ^that is, the total COj 
content — all . tend to increase the ionic product and therefore favor 
precipitation. The salinity effect is relatively small, and hence areas of 
high or rising temperature and of active photosjmthesis will be those 
where precipitation of CaCOs is most likely to occur. Opposite condi- 
tions will favor solution. 
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In the deep water the range in temperature and salinity is nnail, and 
therefore tiie variations in pooi will ^ve tiie most pronounced effect. 
Acc(»dtng to Wattenberg's studies (1933) the deep waters of the Atlantic 
Oeean are virtually saturated with calcium carbonate. Areas over- 
lying red clay show shght undersaturatum, and those overlying cal- 
careous deposits (giobigerina oose) show eithor saturatimi or slight 
supersaturation. 

Certain types of calcareous sedimentary materiid, both recent and 
fossil, do not show any evidence of organic orighji. These are sometimes 
considered to be ‘‘chemical” deposits. « In certain areas, microorganisms 
undoubtedly play an important part in establishing conditions that 
result in the incidental precipitation of carbonates. In tropical seas, 
this process may occur in shoal-water areas, coral reefs, lagoons, and 
mangrove swamps (Field, 1932). Although microorganisms can produce 
conditions favoring the precipitation of calcium carbonate, it is con- 
sidered that they are effective agents in this process only in and on the 
sediments in the environments listed above. Smith (1940) has found 
that over the Great Bahama Bank CaCOi is precipitated, under con- 
ditions of heating and excessive evaporation, on nuclei supplied by the 
sediments. The findy divided CaCOt in certain deep-sea sediments is 
thou^t to arise from the break-down of the shells of foraminifera (p. 982) 
and not from precipitation in situ. 

DisTKiBtmoN OF Alkalimtt, pH, AND Cabbon Dio.£ide Com- 
FONXNTB. In the preceding discussion it has been assumed that the 
alk a l ini t y: chlorosity factor is constant, and the value 0.1205 (milli- 
equivalents per unit (7Z) has been used in computatioxts. This is in 
agreement with the average of a large number of observations made by 
Wattenberg (1933) in the Atlantic Ocean and those reported by Revelle 
(1936) for the upper layers of the Pacific Ocean. Wattenberg’s value is 
commonly given as the specific alkalinity — ^namely, as milliequivalents 
per unit chlorimty, in which case it is 0.123. A number of different 
methods (p. 195) have been employed for measuring alkalinity, but 
there is no definite proof that they all yield similar values. Hence, it is 
difficult to compare the results obtained from various parts of the oceans 
by different workers. However, the findings of Wattenberg (1933), 
Mitchell and Rakestraw (1933), and Revelle (1936) all show that there 
is a somewhat higher alkalinity ; chlorosity factor in the deeper water 
than there is in the surface layers. The increase in the factor usually 
amounts to about 0.005. Wattenberg examined a number of water 
samples collected immediately over the bottom, and in these he found 
an even larger factor. The low values in the surface waters are asmibed 
to removal of calcium carbonate by organisms possesnng calcareous 
skeletons. Smith (1940) has suggested that, at least in certain localities, 
there may be inorganic precipitation if suitable nuclm are present when 
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the water is undergoing heating and evaporation. Whethw <»: not 
calcium carbonate dissolves again while sinking through the water column 
depends upon the degree to which the water is saturated with this com- 
pound. The production of COt by metabolic activity at subsurface 
levels will favor solution. This production also occurs in the sediments 
and probably accounts for the sharp increase in alkalinity immediately 
over the bottom, which was detected by Wattenberg. Bevelle (1936) 
has offered evidence which indicates that the alkalinity rchlorosity factor 
is higher in the North Pacific Ocean than it is in the Atlantic. The 
greater alkalinity may be attributed to the lower dissolved oxygen con- 
tent of the intermediate and deep waters of the North Pacific. The 
lower oxygen content is indicative of a higher content of carbon dioxide, 
and hence greater solubility of calcium carbonate. Wattenberg’s data 
indicate that the variation in the alkalinity ichlorosity factor with 
depth is much less in high latitudes, where organisms with calcareous 
skeletons are less abundant or are lacking and where vertical mixing 
produces more uniform conditions. That the change in alkalinity is 
analogous to variations in calcium content of the water has been pointed 
out by Moberg and Revelle (1937). River water contains relatively 
large proportions of calcium carbonate, and in regions of marked dilution 
there are great increases in the alkalinity :chlorosity factor. It may 
also be modified by the formation and melting of sea ice (p. 216). 

The pH of sea water in contact with the air will vary between about 
8.1 and 8.3, depending upon the temperature and salinity of the water 
and the partial pressure of carbon dioxide in the atmosphere. In areas 
of great dilution lower values may occur. At subsurface levels, where 
exchange of carbon dioxide with the atmosphere is impossible, the pH 
will vary with the extent to which the CO* content of the water is mod- 
ified by biological activity. In the euphotic zone, higher pH’s are 
usually found; below this they decrease to a minimum corresponding in 
general to the layer of minimum oxygen content, and then increase 
again toward the bottom. Although variations in the salinity affect 
the pH, the predominant factor is the total carbon dioxide content or its 
partial pressure. 

Unfortunately, differences in technique and in the constants used in 
arriving at pH’s from colorimetric measurements make it difficult to 
compare the results of different worker^ The most extensive studies 
made on the distribution of pH in the oceans are those of the Meteor 
(Wattenberg, 1933) in the Atlantic Ocean and those of the Carnegie in 
the Pacific Oc^. The distributions of pH and dissolved oxj'gen along a 
longitudinal profile in the eastern Atlantic Ocean are shown in fig. 43. 
The rather close similarity of the isolines can easily be seen, and similar 
patterns would be (pven by the partial pressure and total COt content, 
althoui^ in this case the relations would be inverse ones. The tempera- 
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ture and salinily of tho water are of secondary importance in determining 
the pH. In the North Pacific, where the oxygen content is low at 
intermediate and greater depths, when compared to the Atlantic, the 
pH is somewhat lower and approaches 7.5 where the oxygen content is 
reduced to less than a few tenths of a milliliter per liter. In stagnant 
basins (Strdm, 1936) where large amounts of HiS are present, the pH 
may approach 7.0. The total COt content of water in contact with the 
air is chiefly dependent upon the alkalinity — that is, the salinity — and 



Fig. 43. Distribution of pS. and dissolved oxygen in the eastern part of the 
Atlantic Ocean. The locations of the sections are shown in the map on the left-hand 
side. The vertical and horisontal scales are different in the two sections. (After 
Wattenberg.) 

to some extent upon the temperature. Regional variations in the partial 
pressure of carbon dioxide in the atmosphere may cause some variations. 
Below the surface the total carbon dioxide content and, hence, the 
magnitude of the different components are primarily determined by the 
changes in the carbon dioxide content resulting from photosynthesis or 
respiration. If the temperature, salinity, and depth, and two of the 
following variables — pH, alkalinity, or pco, — are known, all components 
may be computed from equations given on p. 200. 

Solubility of Salts in Sea Water 

The solubility of calcium carbonate in sea water has been examined 
in some detail, but relatively little is known about the other constituents. 
Because of the complex nature of sea water and the effect of other ions 
upon the activity of any one, the solubility product of a single salt in 
distilled water cannot be applied to sea water. Cooper (1937b) considers 
that most of the iron in sea water is not in true solution, but is present 
in some colloidal form, as the solubility product for the hydroxide is 
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extremely smalL Watteabeix aad Tixnmwmann (1938) studied tiae 
Bolubilities of magnesium and strontium carbonates and ««»» 

hydroxide in sea water. The data in table 42 are from their work. It is 
interesting to note the great increase in the apparent solubility products 
in sea water, which is due to the reduced activity of the participating 
ions. For comparison, the ionic products for sea water (19.00 */w 
d 20°) at pH 8.2 have been computed. The apparent supeisaturation 
of the calcium carinate is discussed in the preceding pages. The ionic 
products of the other salts do not approach their solubility products. 
At pH higher than 9.0 the ionic product of Mg(OH)i will exceed the 
solubility product, and hence removal of COi may result in precipitation 
of magnesium hydroxide as well as the carbonates. 

Thompson and his co-workers (for example, Igelsrud and Thompson, 
1936) have carried out extensive phase-rule studies of solutions containing 
some of the salts in sea water, Wt so far they have not extended their 
investigations to natural water. 

Some indication of the great solubility of the major constituents 
IS afforded by data on the separation of salts when sea water is frosen 
(p 217). Somewhat similar data may be obtained from the evaporation 
studies by Usiglio (Thompson and Robinson, 1932), which again bring out 
the fact that sea water is far from saturated with most of the constituents 

Tabls 42 

THE SOLUBILITY PRODUCTS OF CERTAIN SALTS IN DISTILLED WATER 

AND SEA WATER 

(From Wattenberg and Timmermann, 1988) 


Salt 

K 

Distilled 

water 

K' 

Sea water 

S -36V~, 
d - 20* 

Ionic product 

a « 190 */m, 
d - 20* 
pH - 8.2 

CaCO. 

0 6 X 10-« 

60 X 10-« 

270 X 10-» 

MgC0,3H,0 

0 1 X 10-* 

3 1 X 10"* 

0 14 X 10-* 

SrCO, 

0 3 X 10-* 

600 X 10-» 

39 X IQr* 

Mg(OH). 

1 X io-« 

6 X 10-“ 

0 02 X 10-“ 


The OxIdatien-ReducKon Potential of Sea Water 
The oxidation-reduction potential is a measure of the ability of one 
chemical system to oxidise a second. It is generally expressed in volts 
relative to the normal hydrogen electrode. Those substances or stdutions 
having high potentials are able to oxidise those with lower potmtials. 
Although considerable work has been done on the oxidation-reductum 
potentials in living organisms, little is known about the conditions 
prevailing in the water. The potential in sea water has been considered 
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by Colter ( 1037 ») to be aaaodsted only with the partial pfemre of 
oxygMt and tlie pH oi the wnter- Under conditions of low oxyg&a 
c<mtent or when hydrogen sulphide is present, organic compounds 
dissolved in the water may have to be considered. The oxidising or 
reducing conditions must be considered in two parts: namely, the intensiiy 
as expressed by the potential, and the eapaeUy, or the poising of the 
system, which is a measure of the ability to oxidise or reduce a certain 
amount of material without significantly changing the potential. The 
poise cd an oxidation-reduction system is somewhat analogous to the 
buffering capacity in hydn^n ion concentri^on. The oxidation- 
reduction potential is generally determined electrometrically, although 
in certain cases special colorimetric indicators can be used (Michaelis, 
1930, Hewitt, 1937). 

The oxidation-reduction potential of the environment is important 
to organisms. So-called aerobic bacteria thrive at a higher potential 
than micro-aerophiles, and anaerobic bacteria can exist only when the 
potential is low. Hence, in stagnant water and muds where there is no 
oxygen and the potential is low, only anaerobic forms can exist. The 
potentiid is also of geological importance, as the character of certain of 
the constituents of the sediments will be determined by the prevailing 
“oxidising-' or “reducing” conditions (p. 996). 

Inorganic Agencies Affecting the Composition of Sea Water 

The factors that may modify the absolute and the relative concen- 
trations of the substances in sea water are exchange with the atmosphere, 
inflow of river water, freezing and melting of sea ice, and biological 
activity. Biological processes -and their effects upon the distribution of 
various elements are considered in chapter VII. 

Exchangi! with thb Atmosphbre. The distribution of salinity in 
the oceans, and hence the concentrations of the major elements, is main- 
tained by agencies that are described elsewhere, but one point must be 
conridered at this time. Over the sea and along its shores, spray is 
continually being swept up into the air, and as the spray represents actual 
particles of sea water with its dissolved salts, this process affords a 
mechanism for the removal of salts from the sea. A large portion of the 
spray undoubtedly falls back into the water or is carried down by rain 
(KdUer, 1921). However, winds blowing toward the land will carry 
with them thw content of salt, which may be deposited on the land 
directly or carried down by the nun. Observations by Jacobs (1937) 
on the chloride content of the air near the sea showed concentrations 
ranging between 0.07 and 0.5 mg of chloride per cubic meter of air. The 
amount increased with the wind velocity and was greatest with onshore 
winds. 
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A. consid6r&ible proportion of the dissolved materisl carried to the 
sea by rivers is “cyclic salt”— that is, salt that has been carried 
by the atmosphere and then deposited or carried down by rain and snow 
(Clarke, 1924, Knopf, 1931). 

Besides the exchange of salts that takes place between the atmosphere 
and the ocean as described above, there is an exchange of dissolved 
gases and nitrogen compounds which may modify the quantity of these 
substances present in sea water that is in contact with the atmosphere. 
The factors that affect the exchange of gases are described elsewhere. 
The exchange of water between the atmosphere and oceans was taken up 
in chapter IV. 

Rain water contains relatively high concentrations of nitrogen 
compounds, which are believed to be formed from the constituents of the 
atmosphere by electrical discharges; hence the atmosphere supplies to 
the ocean, either directly through rainfall or indirectly through run-off 
from the land, a certain amount of fixed nitrogen. Whether this incre- 
ment in the amount of fixed nitrogen is balanced by deposition of organic 
nitrogen in sediments or by the liberation of gaseous nitrogen through 
the decomposition of nitrogen compounds in the sea is not yet known. 

Effects of Rivers on the Composition of Sea Water. The 
run-off from land is but a part of the cycle of leaching. The precipitation 
on the land contains only the cj'clic salts, dissolved atmospheric gases, 
and nitrogen compounds. This water acts upon the rocks, contributing 
to the mechanical break-down of the solid material and extracting from 
them their more soluble constituents. The nature and quantity of the 
various elements dissolved depends upon the character of the rocks 
or soils with which the water comes in contact on its way to the sea. 
Because the leaching is carried out by water of low salt concentration 
yet relatively high in carbon dioxide compounds, it is capable of dissolving 
materials that would not pass into solution if they were in contact with 
sea water. In addition to dissolved material, rivers carry to the sea 
colloidal and particulate material in tremendous quantities. A con- 
siderable part of this debris is dropped to the sea bottom near shore, and 
much of the finer material coagulates and settles when mixed with sea 
water. Sea water reacts in various ways with the colloidal and finely 
dispersed materisd, and some of these reactions may affect the relative 
composition of the dissolved constitdents. Interaction between the 
dissolved constituents of sea water and the sedimentary debris may be 
subdivided as follows: (1) solution of the constituents of the sediment, 
(2) adsorption on the sediment, (3) ionic exchange, and (4) reactions to 
form new substances. Little is known concerning the importance of 
these processes. 

From the magnitude of the land area drained by rivers emptying 
into the sea and from the composition of tiie salts dissolved in river waters, 
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CSarke (1^24) has estimated that rivers contribute to the sea each year 
2.73 X 10* metric tons of dissolved solids. By weighting the composition 
ot the water of different river systems in proportion to the total supply of 
dissolved material, he obtained the average composition of river water 
shown in table 43. Comparison with the composition of the dissolved 
solids in sea water shows, when referred to the halides, that there is an 
excess of all of the substances reported. Hence, the effect of river waters 
will be to modify the relative composition of the dissolved solids in sea 
water. Possibly a relatively large proportion of the carbon dioxide and 
nitrate should be regarded as cyclic. In addition, it should be recalled 
that the cyclic sea salts, carried into the atmosphere as spray and then 
deposited or carried down by precipitation onto the land, will enter the 
compilation. If we assume that all of the chloride in the river water is 
cyclic, the amounts of the other elements must be modified in the propor- 
tions in which they occur in sea water. It is hardly possible that this 
assumption is entirely correct, but it may yield values that are closer to 
the truth. The average composition of river water adjusted in this 
way for cyclic salts is included in the table. 


Tabu 43 

PERCENTAGE COMPOSITION OF DISSOLVED SOLIDS 
IN RIVER AND SEA WATER 


Ion 

River water 
(weighted 
average} 

Sea water 

River water 
(lesp ** cyclic" 
salts) 

cor 

35.15 

0.41 (HCOn 

35.13 

so: 

12.14 

7.68 

11.35 

a- 

5.68 


0.00 

NO! 



0«90 

Ca++ 

20.39 

1.15 

20.27 

Mg++ 

3.41 

3.69 

3.03 

Na+ 



2.63 

K+ 

2.12 

1.10 


(F0,Al)iOt 

2.75 


2 75 

SiO, . . . 

11.67 


11.67 

Sr++ H.BO,, Br- 





100.00 

100.00 

89.75 


It is not known whether the addition of dissolved solids brings about 
progressive changes in the relative composition of the sea salts or whether 
there is any progressive alteration of the total salt content or salinity. 
In any event, both processes must be exceedingly slow. The total 
amount of dissolved solids contributed by the rivers each year is only an 
infinitesimal fraction, 5.4 X 10~', of the total dissolved soli^ in the ocean. 
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Even this small fraction does not represent a net gun, as there many 
processes which remove material from solution. Certain dements 
accumulate in the marine seihments and are precipitated either through 
physical reactions or by biological activity. This is particularly true 
of the calcium and magnesium carbonate which form calcareous depomts 
and of the silicon which is found in organic siliceous deposits (radiolarian 
and diatom oozes). The sodium and potassium may be removed from 
solution by adsorption on, or ionic exchange with, the clay particles 
brought to the sea by rivers. However, in the latter case some other 
element wUl be released to the water in equivalent amounts. Other 
aspects of this problem are considered in connection with marine sedi- 
ments and geochemistry, but it must be admitted that most questions 
related to changes in composition of sea water are still unsolved. In 
dealing with these it must also be considered that the amount of water 
may be changing. Essentially, all the river water is cyclic, but it is 
known that juvenile water of subterranean origin is continually being 
added to the surface water. In addition, the amount of water repre- 
sented by the ice caps may be variable. Goldschmidt (1933) has esti- 
mated that for each square centimeter of the earth’s surface there are 
273 1 of water subdivided as follows: 

Seawater 268.45 1 

Fresh water 0.1 “ 

Continental ice 4.6 “ 

Water vapor 0.003 “ 

The average composition of the river water is of interest in considering 
the effect on the oceans as a whole and over long periods, but particular 
investigations must be concerned with the effects brought about by 
individual rivers whose dissolved solids may differ markedly in com- 
position and concentration from the average. Data can be obtained 
from Clarke (1924) or similar sources; as an illustration, values for 
several of the large American rivers are given in table 44. 

From these examples it can be seen that the composition of individual 
rivers may differ considerably from the average. Thus, the Columbia 
River is low in chloride and the Colorado River is high, and the latter 
river is high in sodium and sulphate and below average in calcium and 
carbonate. The effect that dilution will have upon the chlorosity factors 
will therefore depend upon the character of the river water. 

Thus far we have considered only the more abundant elements in 
the river water. Undoubtedly, all elements are carried to the sea 
either in solution or as finely divided particulate material. The high 
production of plant and animal life which frequ^tly occtuns near the 
mouths of rivers has sometimes been ascribed to the plant nutrients 
introduced by the rivers. Riley (193Z) has found that the Mlssi-s.'iippi 
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River water contains higher concentrations of phosphate and nitrogen 
compounds than the surface sea water in the Gulf of Mexico, and that 
this has a direct effect upon the amount of life in the waters off the 
mouth of the river. From studies in the English Channel, Atkins (1923) 
concluded, on the other hand, that the river water had little effect upon 
the immediate production, as most of the nutrients were used up by 
organisms living in the rivers. 

Effects op Formati6n and Melting of Sea Ice on the C’om- 
POSITION OP Sea Water. A laboratory study of .the freezing of sea water 
was made by Ringer, whose results have been reported by Kruramel 
(1907) and Johastone (1928). In these experiments sea water was 


T^bib 44 

PERCENTAGE COMPOSITION OF DISSOLVLi:) SOLID'S IN RIVER WATErS 

(Data from Claike, 1420 


Ton 

1 

A\ <®rage 

1 

ppi 
Rivt 1 

1 

1 (‘oluinbiH ! 
Rivei ' 

1 

( olorado 
Hn «»r 

COT 

.!.■) l.'i 1 

34 98 

1 jf. 1') 

13 02 

SOT 

12 14 1 

If) 37 

13 52 1 

28 ol 

Cl 

5 68 1 

6 21 

! 2 82 ' 

1 lib 92 

N 07 

0 90 1 

1 60 , 

0 19 1 



20 39 1 

20 W 1 

' 17 87 i 

10 35 

Mg*'- 

3 41 

.■j 88 

1 1 

3 U 

Na* 

5 79 ’ 

|8 33*^ 

8 12 

19 75 

K+ 

2 12 ’ 

' 1 9p 

2 17 

(Fe,Al),0, 

2 75 

0 ">S 

0 08 


SiO, 1 

11 67 1 

7 05 i 

1 H 62 1 

3 Ot 

Annual contribution of dissolved soiitis i 

1 

1 


(metric tons; 

1 

100,000,000 , 

I 19 000 000 , 

13,416 000 

Salt content (g/1) 

1 

0 186 1 

1 0 0921 1 

0 702 


♦ Sum, 

cooled in the laboratory, and at varioas tempeiatuies below the initial 
freezing point the ice and precipitated .salts were .separated from the 
mother luiuor. Sea water of salinity 35.0 ®/oo begins to fi eeze at — 1 .91°C 
(p. 66). At frst, pure ice crystals separate, and, as the concentration 
of the brine is increased, the temperature must be further reduced to 
bring about the formation of additional ice. As the temperature is 
lowered and the concentration of the brine is increased, the solubility of 
certain of the dissolved salts is exceeded. At —8.2“ the Na*S 04 begins 
to separate and continues to do so with fuither cooling. At —23* the 
NaCl begins to ciy.stallize. In addition, a certain amount of CaCOs 
precipitates. Ringer’s analyses of the “ice” (including the ice crystals 
and the precipitated salts) and the brine when the temperature had been 
reduced to —30® are as follows. 
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One kilogram of sea water, initial salinity 36.05 Voo, yielded: 


Ice crystals 981.9 g 

NaCl crystals 20.23" 

NaiS04 crystals 3.95“ 

CaCOt crystals Trace 

Brine 43.95 “ 

The brine contained 23.31 g of HjO and 

Na+ 1.42 g Cl" 7.03 g 

Mg++ 1.31“ Br- 0.08“ 

K+ 0.38“ SOr 0.03“ 

Ca"^* 0.39 “ 


From these data it is readily seen that, when the temperature of the ice 
and brine is lowered to —30®, there are marked differences in the relative 
composition of the salts in the "ice” and in the brine. If the cooling is 
continued to —50®, there is further separation of ice and salt crystals, but 
some very concentrated brine is .still present. 

From these experiments it would appear that the formation of sea 
ice mtghl have a pronounced effect upon the relative composition of the 
salts in the water. The brine from which it formed would be modified in 
one direction, and, if melting took place in water other than that from 
which the ice formed, the effect would be in the opposite direction. 
However, the formation of sea ice in nature is not reproduced by these 
laboratory experiments. Let us suppo.se that, in a region where the 
depth to the bottom is moderate or great, sea water of normal composition 
is subjected to cooling at the surface. The resulting increase in density 
gives rise to convection movements that continue until the water at the 
surface reaches the freezing point, and then ice will begin to form. The 
brine, being of greater concentration but having virtually the same 
temperature, will sink and new water will be brought toward the surface 
and into contact with the ice. At first, isolated, elongated ice crystals 
are produced, but as the freezing continues these form a matrix in which a 
certain amount of the brine is mechanically inch dcd. The ice crystals 
themselves are at this stage probably "pure ice.” If the freezing proceeds 
rapidly, the brine will accumulate in separate cells within the body of the 
ice and, as the temperature of the ice near the .surface is reduced, more 
ice crystals are formed, the cells decrease in size, and the concentration 
of the brine in the cells increases (fig. Ifi, p. 72). This may continue so 
far that solid salts crystallize in the cells. From this it can be seen that 
there is not necessarily any relative change in the composition of .the 
dissolved salts in the sea water and in the sea ice (ice crystals plus the 
enclosed brine). 

The salinity of the ice, using the same definition as applied to sea 
water, has been shown to depend upon the rate of freezing. Malmgren 
(1927), from the observations made by the JIfaud Expedition, gives the 
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fcdlowing average values showing the relation between the salinity Of new 
ice and the ur temperature, where the latter is used as a measure of the 
rate of freezing. 

Air temperature Salinity of ice 

CC) (•/„) 

-16 5.64 

-28 8.01 

-30 8.77 

-40 10.16 

The salinities are based upon chlorinity determint6>tions made on samples 
of the melted ice. The salinity of the surface wkter was about 30 Voo- 
The effect of the rate of freezing is also shown by the analyses of samples 
obtained in April from an ice floe that had started to form the preceding 
November: 

Distance from surface of ice (cm) 0 6 13 26 45 82 95 

Salinity of ice (Vo.) 6.74 5.28 5.31 3.84 4.37 3.48 3.17 

The lower salt content of the deeper ice is related to the slower rate of 
formation. When ice is formed with extreme rapidity, its salinity will 
approach that of the water from which it is produced. 

According to Ringer’s experiments the cooling of ice containing cells 
of brine leads to formation of additional ice crystals and, if the teinpera- 
ture is reduced sufficiently, to separation of salt crystals within the ice. 
With very rapid freezing, brine and salt crystals may accumulate on 
the surface of the ice, making the surface “wet” at temperatures of 
—SO* to — 40’’C and greatly increasing the friction against sled runners 
or skis. 

In such rapidly frozen ice the cells containing the brine are large or 
numerous. If the temperature rises, the ice surrounding the cells melts 
and the separated salt crystals are dissolved, but before complete solution 
has taken place the brine cells may join, permitting the brine to trickle 
through the ice. Under these conditions some of the solid salts may be 
left in the ice, and the composition of the water obtained by melting will 
differ from that of normal sea water. If, on the other hand, the tempera- 
ture of the ice is raised to O^C, all salts dissolve, the cells grow so large 
that the ice becomes porous, aU brine trickles down from the portions 
of the ice above the sea surface, and the exposed old ice becomes fresh 
and can be used as a source of potable water. 

Analyses by Wiese (1930) indicate that the processes that have 
been described may be effective in changing the relative comporition of 
the salts. He found that the sulphate and alkalinity factors were greater 
in the ice than in the water and were greater in old ice than in newly 
frozen ice. This indicates that small amounts of sulphate, probably 
present as NaiSOi, have remained in the ice during the process of ageing 
and, probably, that the relative amounts of CaCOa have changed. 
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Results of the Maud Expedition, reported by Malmgren (1927) 
and Sverdrup (1929), arc not in agreem^t with the findings of Wiese. 
Chlorinities of water obtained by melting ice were systematically higher 
when determined by titration than when computed by means of Knud- 
sen's Hydrographical Tables from observations of density. This 
discrepancy was interpreted to mean that the sea ice contains an excess 
of chlorides, but it may arise from the application of Knudser’s Tables 
to water that has been diluted by essentially distilled water, as explained 
on p. 59. The fact that the SO4/CI ratio was nearly the same in the 
ice and the sea water (Malmgren, 1927, p. 9) supports the latter explana- 
tion and indicates that no changes in relative concentration had resulted 
from processes of freezing and melting. The problem, however, cannot 
be considered solved, and it offers opportunities for further laboratory 
investigations and observations in the field. 

Geochemistry of the Ocean Waters 

The total quantity of dissolved solids present in the waters of the 
oceans can be estimated by assuming an average salinity of 35 Voo 
and assuming that the volume of the ocean is 1.37 X 10* km* (p. 15). 
With a density in situ of 1.04 for the ocean waters, the dissolved solids 
amount to 5 X 10** metric tons. This immense quantity of material 
would form a layer of dried salt® 45 m thick over the entire earth, or 
153 m thick over the present land area. The amount in tons of any 
element may be estimated by multiplying the value given in the first 
column in table 45 by 1.42 X 10‘*. The figures for the variable elements 
correspond to the higher values listed in table 36. Obviously the total 
amounts of even the trace elements are tremendous, and, if methods of 
extraction were economically feasible, the oceans would serve as an 
“inexhaustible" source of these substances. 

According to present theories, most of the solid material dissolved 
in the sea originated from the weathering of the cnist of the earth. The 
problem as to the amount of rock weathered has been treated by Gold- 
schmidt (1933) in the following way. For each square centimeter of 
the surface of the earth there are 278 kg of sea water; therefore, for each 
square centimeter the ocean water contains very nearly 3 kg of sodium. 
The average sodium content of igneous rocks is 2.83 per cent, and in 
sedimentary deposits it is 1.00 per cent. In the process of weathering, a 
certain amount of the material is leached away, and Goldschmidt 
estimates that the mass of the sedimentary deposits (F) 0.97 of tiie 

ori^nal igneous rocks (X) that gave rise to them. Therefore, 

Y = 0.97X, and 2.83X - l.OOF = 100 X 3.00. 

From this we find that for each square centimeter of the eartii’s surface 
about 160 kg of igneous rocks have been weathered. Therefore, approxi- 
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Tabls 46 

ELEMENl’S IN SEA WATER AND IN THE EARTH’S CRUST 


Element 

Sea water 

S - 35Voo 
(mg /kg) 

Potential “supply” 
in 600 g of rock 
(mg/kg of sea water) 

Percentage 

in 

solution 

Silicon 

4 

166,000 

0 002 

Akiimnum 

0.5 

53,000 

0.001 

Iron 

0.02 

331,000 

0.0001 

Calcium 

408 

22^000 

1.9 

Sodium 

10,769 

17,000 

65 

Potassium 

387 

15,000 

2.6 

Magnesium 

1,297 

13,000 

10 

Titanium 


3,800 

? 

Manganese 

0.01 

560 

0.002 

Phosphorus 

0.1 

470 

0.02 

Carbon 

28 

300 

9 

Sulphur 

901 

300 

300 

Chlorine 

19,353 

290 

6700 

Strontium 

13 

250 


Barium 

0.05 

230 

0.02 

Rubidium 

1 0.2 

190 

0.1 

Fluorine 

1.4 

160 

0.9 

Chromium 

P 

120 

? 

Zirconium 


120 


Copper 

0.01 

60 

0,02 

Nickel 

0.0001 

60 

0.0002 

Vanadium 

0.0003 

60 

0.0005 

Tungsten 



41 

7 

Lithium 

o;i 

39 

0.2 

Cerium 

0,0004 

26 

0.002 

Cobalt 

P 

24 1 

7 

Tin 

P 

24 1 

7 

Zinc 

0.005 

24 

0.02 

Yttrium 

0 0003 

19 

0.002 

Lanthanum 

0,0003 

11 

0.003 

Lead 

0.004 

10 

0.04 

Molybdenum 

0.0006 

9 

0.005 

Thorium j 

<0.0005 

6 

0.01 

Cesium 

0.002 

4 

0.05 

Arsenic 

0.02 

3 

0.7 

Scandium 

0,00004 

3 

0.001 

Bromine 

66 

3 

2000 

Boron 

4.7 

2 

240 

Uranium 

0.016 

2 

0.8 

Selenium 

0.004 

0.4 

1 

Cadmium 

P 

0.3 

7 

Mercurj" 

0.00003 

0.3 1 

0.001 

Iodine 

0.05 

0 2 1 

25 

Silver 

0.0003 

0.06 

0.5 

Gold 

0 . 0»6 

0.003 

0.3 

Radium 

0.0»3 

O.O 56 

0.05 


p « proMiit 
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mately 600 g of rock have been wei^hered for each kilogram of water 
in the oceans. Of the total sodium, 65 per cent has accumulated in 
the sea water and 35 per cent has been deposited in sedimentary rocks. 
The 600 g of igneous rock have been, therefore, a potential supply of the 
constituent elements to the sea, although in most cases only a part of 
the material has actually dissolved or rematned in solution. Using 600 g 
as the amoimt of rock weathered and following Goldschmidt's estimate 
(1937) of the composition of the earth’s crust, the “supply” of elements 
listed in table 45 is obtained. A number of the minor constituents of 
rocks are not included in this tabulation. The “percentage in solution” 
has been obtained by dividing the amount of each element present in 
sea water by the potential supply. This procedure has been followed by 
Goldschmidt (1937) 

Examination of table 45 shows that the elements may be grouped 
in three classes, depending upon the percentage in solution: (1) Sulphur, 
chlorine, bromine, and boron occur in amounts greater than those which 
could have been supplied by the weathering of the 600 g of rock. Gold- 
schmidt considers that these elements were present in the primeval 
atmosphere as volatile compounds and that they accumulated in the 
ocean waters in the earliest times. (2) Calcium, sodium, potassium, 
magnesium, carbon, strontium, selenium, and iodine, which form rela- 
tively soluble compounds, are present in sea water in amounts greater 
than 1 per rent of the potential supply. (3) The remaining elements, 
which are present in small amounts. 

It is striking that silicon, aluminum, and iron, the most abundant 
elements in igneous rocks (oxygen is actually the most abundant, but 
does not have to be considered here), are present in sea water in extremely 
small amounts. Thus, the relative abundance of the elements in sea 
water differs markedly from that in the earth’s crust. With a few 
exceptions, all of the elements have been potentially available in much 
larger amounts than are actually present in solution. The relative 
composition of river water differs from that of sea water, and, in addition 
to the dissolved constituents, rivers introduce large quantities of particu- 
late material that would pass into solution if the sea water were unsatu- 
rated with respect to these substances. Therefore, it appears that 
factors operating in the sea itself must control the concentrations of many 
of the elements that are potentially aVailable in large amounts. These 
factors are solubility, physical-chemical reactions, and biological activity. 
Our present knowlec^e is inadequate to designate which process or 
processes may control the concentration of a given element. Therefore, 
the following remarks will merely indicate the character of the factors 
that may be involved. 

Certain elements may be present in such amounts that the solubility 
of their compounds may limit thmr concentration. In these cases, 
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additional amounts brought to the sea in solution by rivers will be 
removed by ehenucal precipitation. The quantities of other elements 
may be controlled by physical-chemical processes that are, howev^, 
more complmc than t^ precipitation of some simple salt — ^for example, 
the reactions which may take place between the dissolved substances 
and the colloidal and particulate material introduced by rivers. Included 
among such processes are ionic adsorption, base exchange, and the 
formation of complex minerals. Such reactions may remove from 
solution ions that would not be precipitated in .absence of colloidal or 
particulate material. Biological activity is ^doubtedly of great 
importance in controlling the concentrations of many of the elements in 
the sea. Cyclical processes, in which elements are removed from solution 
but are later released by metabolic activity, need not be considered. 
However, a certain amount of the material built up by organisms falls 
to the sea bottom, becomes a permanent part of the deposits, and is 
therefore removed from solution. The concentration of elements carried 
down in this way may be considered to be at least partly controlled by 
the activity of marine organisms. The character of the skeletal struc- 
tures and of the detrital organic matter deposited in this way is discussed 
in chapters VII and XX. Organisms remove from solution elements 
that would not otherwise precipitate, and, if conditions are 8uch«that 
some of this material becomes a permanent part of the sediments, it is 
obvious that biological activity must play an important part in controlling 
the composition of the water. Not only the major constituents of 
skeletal structures such as calcium, ’'carbon, silicon, and so on, but nitro- 
gen, phosphorus and many elements present in the sea in small con- 
centrations are also accumulated by marine organisms. 
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CHAPTER VII 


Organisms and the Composition of Sea Water 


Chemical Composition of Marine Organisms 

Alterations of the concentration of the dissolved constituents of 
sea water are brought about by the development and subsequent death 
and disintegration of organisms. Virtually all of the substances extracted 
from the water are returned to solution by metabolic processes or by 
disintegration of the organisms, but the elements removed are returned 
to solution at some later time and often in some other part of the water 
column. Hence, the modifications may be in opposite directions at 
different times and localities. A small fraction of the organic remains 
accumulates on the sea bottom and is lost to the cycle. ^ 

Sea water probably contains in solution all of the chemical elements, 
although only some fifty have yet been detected. There is a large 
amount of data on the occurrence of various elements in marine plants 
and animals, but unfortunately *"(j^e material is far from complete for 
any one biological group. Either a few elements only have been deter- 
mined — such as iodine, for example, which has been thoroughly investi- 
gated — or only a portion of the organisms — ^for example, the skeletal 
structures — ^has been analyzed. 

Vinogradov (1935, 1937) has compiled the chemical analyses of the 
lower plants and animals, both aquatic and terrestrial. He reports some 
sixty of the elements that have been found in one or more species. Webb 
and Fearon (1937) have tabulated thirty-nine elements that are com- 
monly found and have divided these into two groups according to their 
apparent importance to living things: (1) eighteen invariable elements, 
and (2) twenty-one variable elements. These classes are further sub- 
divided on the basis of the concentration in which the elements are 
present. Seven elements are listed as contaminants (table 46). 

The primary invariable elements are the essential constituents of 
carbohydrates, lipides (fats), and proteins. Some of the invariable 
elements classed as secondary or as microconstituents are always present 
in the lipides and proteins. This list is for plants and animals in general 
and not for marine forms alone. Comparison of tables 46 and 36 shows 
that nine elements (starred) detected in organisms have not yet been 
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reported for sea water, and that seven (uramum, thorium, oerium, 
lanthanum, yttrium, scandium, and radium), known to occur in sea 
water, are not listed by Webb and Fearon. Bndium, at least, should be 
added to their list (p. 184). 


Table 46 

ELEMENTS CLASSIFIED ACCORDING TO THEIR DISTRIBUTION 
AS PERCENTAGE BODY WEIGHT OF ORGANISMS 
(Webb and Fearon, 1937) 


Invariable (18) 

Variable (21) 

Contam- 

inants 

Primary 

1-60% 

Secondary 

0.05-1% 

Microcon- 

Btituents 

<0.05% 

Secondary 

Microcon- j 
stituents 

Hydrogen 

Carbon 

Nitrogen 

Oxygen 

Phosphorus 

Sodium 

Magnesium 

Sulphur 

Chlorine 

Potassium 

Calcium 

Iron 

Boron 

Fluorine 

Silicon 

Manganese 

Copper 

Iodine 

Titanium * 
Vanadium 
Zinc 

Bromine 

! 1 

Lithium 

Beryllium* 

Aluminum 

Chromium* 

Cobalt* 

Nickel 

Germanium* 

Arsenic 

Rubidium 

Strontium 

Molybdenum 

Silver 

Cadmium* 

Tin* 

Cesium 

Barium 

Lead 

Helium 

Argon 

Selenium 

Gold 

Mercury 

Bismuth* 

Thallium* 


* Not yet reported for sea water. 


The lack of comparable data for the different types of organisms 
makes it necessary to consider their composition under three headings — 
namely, organic material (largely carbohydrates, lipides, and proteins), 
inorganic skeletal structures, and inorganic solutes in the body fluids. 
Although the proportions of carbohydrates, lipides, and proteins may 
vary considerably, the composition of any one type is rather constant, 
so that the average values in table 47 caU'be used with some confidence. 
Furthermore, there are numerous determinations of lipides (ether extract) 
and protein (based on nitrogen determinations), and from these measure- 
ments and the loss on ignition the carbohydrate may be computed. 
Skeletal structures differ so much in composition and in their mass, 
compared to that of the organic material, that they must be considered 
separately. Inorganic solutes in the body fluids are considered as a 
separate class, because they apparently do not differ very much in com- 
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position and concentration from the surrounding sea water; consequently, 
the presence of water in the original sample will give merely rather high 
values for the inorganic solutes. The great changes in relative com- 
position are found in the organic material and skeletal structures, for 
which reason, if a mixed plankton sample containing sea water is analyzed, 
the results for the organic material and skeletal structures will not be 
materially affected if it is considered that all the sodium or chloride, 
as well as other elements in the proportions in which they occur in sea 
water, are in the body fluid or sea water. 

Tabus 47 


AVERAGE COMPOSITION OP ORGANIC MATERIALS 
(In part from Rogers, 1038) 


Percentage composition 


Rdative proportions by weight, C » 100 


Element 

Carbohy- 

drates 

Lipides 

Proteins 

Element 

Sea water 

Lipides 

Proteins 

0 

49.38 

17.90 

22.4 

C 

100 

100 

100 

c 

44.44 

69.05 

51.3 

P 

0.05 

3.1 

1.4 

H 

6.18 

10 00 

6.9 

N 

0.5 

0.88 

34.7 

P 


2.13 

0.7 

S 

3150 

0.45 

• 1.6 

N 


0.61 

17.8 

Fe 

0.07 


0.2 

8 


0.31 

0.8 





Fe 



0.1 

i 





In table 47 are given the average compositions of the three great 
classes of organic material (Rogers, 1938) and the relative proportions in 
which their component elements occur in sea water. The oxygen and 
hydrogen are not considered, and the values are adjusted to C — 100. 
The values for C, S, and Fe are from table 36; those for N and P are the 
average winter values in the English Channel (pp. 252, 268). In the 
lipides, phosphorus is concentrated, and in the proteins the nitrogen and 
phosphorus show a great increase with respect to carbon. The fact that 
sulphur, which is one of the relatively abundant elements in sea water, 
is a minor constituent of the lipides and proteins in orgamc material 
indicates that carbon, here used as the reference element, is itself markedly 
concentrated. The values given in table 47 are general averages, and 
those for marine organisms may differ slightly. It should be noted that 
changes in the proportions of carbohydrates, lipides, and proteins will 
modify the ratios in which the above-mentioned elements will be removed 
from the water. Many of the other elements that are concentrated by 
or g an i s m s — for example, iodine, iron, and eoppee — ^probably form a 
part of the oigaiuc material or they occur in the skdetal structures, as 
it is difficult to see how the free ions could be retiuned in the body fluids 
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at such tremendously higher concentrations than those in the surrounding 
sea water. 

In table 48 are given analyses of certain types of skeletal material. 
In each case there is some organic matter, which is highest in the lobster 
carapace, and even in the phosphatic brachiopod shell it forms a large 
fraction. Of course, there are wide ranges in the proportion of inorganic 
skeletal structures in the whole organism, and in some cases such struc- 


TiiaLB 48 

PEBCENTAGE COMPOSITION OF SKELETAL MATERIAL 
(Recalculated from Clarke and Wheeler, 1922) 


Substance 

Foramin- 
ifera (Or- 
bitolUes 
margin- 
atia) 

Coral 

(Oculina 

diffusa) 

Calcare- 
ous alga 
(LUho- 
phyllum 
aniil- 
latum) 

Lobster 

{Homarua 

sp.) 

Phos- 
phatic 
brachio- 
pod (Dia- 
ciniaca 
lameUoaa) 

Siliceous 

sponge 

[EupUc- 

teUa 

apecioaa) 

Ca 

34.90 

38.50 

31.00 

16.80 

26.18 

0.16 

Mg 

2.97 

0.11 

4.36 

1.08 

1.45 

0.00 

CO. 

59.70 

58.00 

62.50 

22.40 

7.31 

0.24 

S 04 



0.68 

0.52 

4.43 

0.00 

PO. 

tr 

tr 

tr 

5.45 

34.55 

0.00 

SiO, 

0.03 

0.07 1 

0.04 

vn ^ 

0.64 

88.56 

(Al,Fe),0, 

0.13 1 

0.05 

0.10 

) 1 

0.44 

0.32 

Organic matter, 





1 


etc 

2.27 

1 

3.27 

1.32 

53.45 

25.00 

10.72 


tures may be entirely lacking. The first three examples are for calca- 
reous types with CaCO* predominating, but in some groups MgCOt 
forms an important part of the shell. The lobster may be considered as 
representative of the arthropods in general, although the proportion of 
organic matter is probably even greater in the small forms. The amount 
of phosphate is notable in the lobster and even more so in the phosphatic 
brachiopod shell, wWch is predominantly calcium phosphate. The 
sponge spicules are virtually pure hydrated silica and may be taken as 
representative of the diatom and radiolarian skeletons. The silica, iron, 
and aluminum in the other analyses probably represent impurities intro- 
duced by the presence of day and sand ^ins. These analyses cannot 
be regm-ded as complete, and further examination will undoubtedly rev<»l 
many other elements present in small amounts. It should be noted that 
chlorine and sodium, the two most abundant elements in sea water, are 
not shown in any of these analyses. These elements form soluble com- 
pounds and hence would not be suitable for skeletal structures. From 
table 48 it can be seen that the development or re-solution of skeletal 
structures of marine organisms may tjp expected to affect the concen- 
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trationa calcium, magpiesium, carbon (as carbonate), sulphur, phos- 
phorus, and silicon. Because of their relatively greater abundance in 
sea water, the distribution of magnesium and stilphur cannot be expected 
to show any appreciable effects of biologpcal activity, but the distributions 
of the other elements mentioned do show certain features that can be 
attributed, in part at least, to the fact that they are important con- 
stituents of skeletal structures. 

The relative concentrations of the elements that are abundant in 
the body fluids do not differ very much from ^ose in sea water (table 
49). Although little is known concerning the less abundant elements, 
it appears that the inorganic portion of the body fluids can be con- 
sidered as slightly altered sea water. Therefore, this part of the organism 
cannot play any appreciable part in modifying the composition of the 
water. Although the composition and concentration of the inorganic 
solutes is of no particular importance in the present problem, these 
features have been studied intensively in problems of osmotic pressure 
relations (chapter VIII) and in connection with the mechanism of solute 
and water exchange between aquatic organisms and their environment. 
These fields have been reviewed by Rogers (1938). 


Tabus 49 

RELATIVE COMPOSITION OF BODY FLUIDS 
(Adjusted to Na — 100. Data from Robertson, 1939) 


Element 

Sea water 

Echinus sseulentus 
(Sea urchin) 

Homarus vulgaris 
(Lobster) ' 

Cancer pagurus 
(Crab) 

Cl 

180 

182 1 

166 

156 

Na 

100 


100 

100 

Mg 

12 1 


1.6 

5.7 

S in SO4 

8.4 

8.5 

2.2 

6.7 

Ca 

3.8 

3.9 

5.0 

4.8 

K 

1 

3.6 

3.7 

i 

4.7 

4.0 


Thus far only the various fractions of the organisms have been 
discussed, and it is of interest to consider the composition of the entire 
plant or animal. As the plants arc the primary “consumers” of inor- 
ganic material, it would be desirable to know the composition of such 
important groups as the diatoms and peridinians, but no complete 
analyses of these forms have been made. What information we have 
will be discussed below. The data for animals is also far from complete, 
but in table 50 are given three examples. The relative compositions 
liave been adjusted to Na « 100, and, for comptarison, the constituents 
of sea water are given in the same way. The relativdy high proportions 
of the elements abundant in sca water which occur in the copepod analysis 


RELATIVE COMPOSITION OP MARINE ANIMALS 
(Adjusted to Na = 1(X)) 
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* From GnalyaoE of Jowett and Davim (1938). ClemenU and Hutchinson (1939). 

* Winter values, English Channel. 

* Higher values from table 86. 
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indicate the presence of connderable sea water in the original sample. 
As Archidoria possesses internal calcareous structures, the calciim intent 
is high. Ck>n8equently the proportions of the elements constituting the 
organic material are rather low in these two cases. It is immediately 
obvious, however, that the essential constituents of the organic material, 
such as carbon, nitrogen, and phosphorus, are very high when compared 
to their relative concentrations in sea water. 

If the relative amounts of the various elements in these animals 
are divided by their relative concentrations in i^ea water, a series of con- 
eerUration factors, referred to sodium, are obtained. It will be seen that 
chlorine would give virtually identical results. The concentration 
factors range from about unity up to over two million for phosphorus 
in the fish, and in all three cases they arc greatest for nitrogen and phos- 
phorus. If it is assumed that the rates of diffusion of all substances 
and their rates of absorption by the organisms depend only upon the 
amounts of the ions in the water, then the concentration factors should 
be a measure of the time required to accumulate them. Those elements 
having the highest concentration factors would then be the ones that 
might limit the rate of growth. The data in table 50 indicate that 
nitrogen and phosphorus may very well be limiting elements in the sea, 
although it should be remembered that the examples are for animals 
that must obtain their supply of these elements either directly or indi- 

TabliE 51 


RELATIVE COMPOSITION OF PLANKTON ORGANISMS 


Element 

Sea water 

Diatoms 

Perldin- 

ians 

Copepods 

Concentration factors (referred 
to carbon) 

Diatoms 

Peridin- 

ians 

Copepods 

C. 

100 

100 

100 

100 

1 

1 

1 

N.. 

0 

18.2 

13.8 

25.0 

36 

28 

50 

P.. 


2.7 

1.7 

2.2 

54 

34 

44 

Fe 


9.6 

3.4 

0.13 

137 

49 

2 

Ca... . 

1420 

12.5 

2.7 

0.66 

0.01 

0.002 

0.0005 

Si.. 

0.4* 

93.0 

6,6 

0.13 

232 

16 

0.3 


• Winter vnluee. Englieh Channel. 
^ Hifher Yaltte* table 36. 


reetty from the plants. If the total carbon in sea water had been used 
as the reference element, only nitrogen and phosphorus would have 
significantly larger factors. But it is obvious that carbon is itself con- 
centrated more than one thousandfold with reference to the major 
elements in sea water. According to table 50 the relative concentration 
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in sea^ watar of ^ tho following olementB may be markedly affected by 
biological activity; carbon, silicon, fluorine, nitrogen, plmsphonis, 
iron, and copper. Other elements might be included if the analyses 
wore more complete or if other types of organisms were examined. 

In table 51 are given the relative concentrations of certain elements 
in diatoms, peridinians, and copepods, adjusted to C «= 100. The 
data for the photosynthetic forms are recomputed from Vinogradov 
(1935), and for copepods are the same as those given in table 50. The 
concentration factors for nitrogen and phosphorus are about the same 
in all three forms. In the diatoms, iron is higher, while silicon the 
highest factor, which may indicate that these elements also limit the rate 
of growth. For the peridinians the factors for nitrogen, phosphorus, 
and iron are nearly the same. 

Interrelations Between Elements Whose Distribution Is Affected by 
Biological Activity 

Because the relative composition of organisms living in the sea differs 
from that of sea water, their growth will tend to modify the composition 
of the water The ultimate regeneration of the inorganic substances 
by biological processes will return the elements to solution, but the 
net effects will usually be in opposite directions at different times and 
in different parts of the water column. Tables 50 and 51 show that 
certain elements present in the water in low concentrations, such as 
nitrogen, phosphorus, iron, and silicon, are those removed in the largest 
relative amounts The distribution of these elements, known as the 
plant nutrients, is profoundly affected by biological activity, their con- 
centrations are virtually independent of salinity, and they are com- 
monly referred to as nonconservative, in contrast to those elements that 
bear a constant ratio to the total dissolveo solids. 

Plants are the most important “consumers” of the inorganic sub- 
stances. Their activity is restricted to the upper layers of the sea (the 
euphotic aone), where there is adequate light for them to carry on photo- 
synthesis. In nearshore areas the thickness of the euphotic layer may 
be only a few meters, and even in the open sea, where the transparency 
is great, the growth of plants is restricted to the upper few hundred 
meters (chapter XVI) Animals living below the euphotic layer mav 
remove elements from solution which are necessary for the secretion of 
wlfftlfttal structures, but most of the materials must come directly or 
indirectly from plants that develop near the surface. The metabolic 
activities of ^he plants, animals, and bacteria return the elements to 
inorganic form. Part of the regeneration must occur in the euphotic 
layer, but there is a general downward movement of the particulate 
matter, either living or dead, and, consequently, a continuous transport 
of the elements away from the surface layer. As described thus far, it 
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would appear tiiat there is a continuous drain upon the resources of the 
surface layers without any mechanism for renewing the store of essential 
dements in the euphotic a<me. Precipitation mid rivers contribute 
a certiun amount of these elements, but this is negligible in comparison 
to the quantities that are brought up to the surface layers by processes 
of vertical diffusion, convection overturn, and upwelling. In regions 
where these processes are active, there is a plentiful supply of nutrients; 
consequently, such areas can support very large populations and are 
said to be very productive, in contrast to the.yipen oceans, where there 
may be only a meager supply of nutrients. 

Kedfield (1934), following an earlier suggestion by Harvey, showed 
that regardless of the absolute concentrations a constant ratio exists 
between the nitrate-nitrogen and phosphate-phosphorus content of 
sea water, that these elements are apparently removed from the water 
by organisms in the same proportions in which they occur, smd that 
on the death and decomposition of the organisms they are returned to 
solution simultaneously. Cooper (1938a) proposed a modified ratio, 
pointing out that the phosphorus data for sea water used by Redfield 
had not been corrected for salt error. Fleming (1940) obtained from 
examination of additional data a slightly different relationship for the 
N:P in plankton. All these figures are given in table 52, which also 
shows the relation of carbon to the other two elements in plankton. 


Table 52 

RATIOS OF C:N:P IN PLANKTON AND SEA WATER 


Source 

By weight 

By atoms 

C 

N 

P 

C 

N 

P 

lv,edfield (1934) Plankton 

53.2 

8.2 

1 




Redfield -( 1 934) Seawater 


9.0 

1 


20 

1 

Cooper (1938a) Seawater 


6.8 

1 


15 

1 

Fleming (1940) Phytoplankton 

42 

7 

1 




Fleming (1940) Zooplankton 


7.4 

1 




Fleming — Average; Plankton 

41 

7.2 

1 

106 

16 

1 


The ratios given above hold very well for the nitrate and phosphate 
in ocean waters (see fig. 51), but, since they represent the net effect of 
biological activity, marked deviations from the ratios may be found in 
individual types of organisms. However, they indicate the order of 
, magnitude of the relationships in marine organisms. 

In order to extend the usefulness of these relationships, it is worth 
while to add the oxygen. As an approximation, it may be assumed that 
two atoms of oxygen are required for the oxidation of each atom of 
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carbon, and that in photosynthesis the sarae amount is released for each 
atom of carbon converted to organic matter. Gilson (1937) h a s pointed 
out that the amount of oxygen should be increased about 25 per cent to 
allow for the oxidation and reduction of nitrogen, but we shall not 
introduce this factor. Therefore, 

By atoms, 0:C:N:P = 212:106:16:1 

By weight, 0:C:N:P = 109:41:7.2:1 

In the euphotic layer, for each milligram of phosphorus utilised in 
photosynthesis, these ratios indicate that the plants will take up 7.2 mg 
of nitrogen (chiefly nitrate) and 76 ml of CO 2 and release the same volume 
of oxygen. At lower levels, where regeneration is taking place, the 
consumption of 76 ml of O 2 should set free the corresponding amounts of 
CO2, N, and P. The oxygen saturation value for water of 6*^ temperature 
is of the order of 7.0 ml/L; hence it may be seen that, if all of the oxygen 
has been consumed in subsurface water of approximately this tempera- 
ture, the NOs-N and PO4-P will be increased by about 50 ME^c^toms/L 
(0.650 mg/L) and 3 Mg'SLtoms/L (0.090 mg/L), respectively. These 
values are approximately the largest amounts ever encountered in the 
ocean. If all the waters leaving the surface were saturated with oxygen 
and completely depleted of nitrate and phosphate, it might be expected 
that there would be a close agieement in the deeper waters between 
these substances and the oxygen depletion (difference between the 
saturation value and the observed content). Such a general relationship 
exists in waters that have left the surface in lower latitudes, but in higher 
latitudes water sinking from the surface is saturated with oxygen and 
contains appreciable amounts of nutrients; hence the relationship between 
the oxygen depletion and the nutrient content must have the form 

Nutrient content = V + constant X O 2 depletion, 

where F is a variable amount in the water that sinks from the surface. 
In those regions in which there is a well-defined layer of minimum oxygen 
content at subsurface levels, layers of maximal nitrate and phosphate 
usually exist at or somewhat below the oxygen minimum. 

The above comments do not necessarily apply to elements composing 
hard “inorganic” skeletal structures.; Both calcium carbonate and 
silica are utilized by organisms in the"' euphotic layer and elsewhere, 
but the ratios of utilization of Ca, C as COs, and Si with reference to, 
say, phosphate-P, depend upon the character of the organisms. As 
pointed out elsewhere (p. 208), CaCOs is removed from the surface layers, 
and the same is true of the Si02. Although there is generally a depletion 
of Si in regions where the nitrate-N and phosphate-P are low, the processes 
of ^eHsolution of calcareous and siliceous structures do not necessarily 
parallel decomposition and the regeneration of the elements found in 
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Locations of vertical sections and stations used to illustrate tj^e distribution of phosphate, nitrate, and silicate, in the oceans. 
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the soft parte of the organisms. Therefore, the gmeral distrifantioii 
of silicon in the sea differs somewhat from that of phosphate uid nitrate, 
and the ratios between Si and N and Si and P are vaiiaUe. 


Distribution of Phosphate, Nitrogen Compounds, and Silicate in the Oceans 

The distribution of phosphate in the three oceans may best be drown 
by means of longitudinal vertical sections whose locations are indicated 



Fig. 45. Phosphate distribution in a longitudinal section in the central Atlantic 
Ocean. Units: jig-atoms of phosphorus per 20* liter. 

in fig. 44. The representations are intended to bring out only the major 
features of the vertical distribution, and for this reason many of the 
minor irregularities have been omitted. The section in the Atlantic 
Ocean (fig. 45) is based on data obtained by the Discmery (Deacon, 
1933) in the Southern Hemisphere, by the Allantis (Seiwell, 1935) in 
the North Atlantic, and by the Meteor (Defant et al, 1936) in the area 
to the south of Greenland. The section in the Pacific Ocean (fig. 46) 



Fig. 46. Phosphate distribution in a longitudinal section in the Paoific Ocean. 
Units: ^-atoms of phosphorus per 20* liter. 


has been constructed from Discovery observations in the Antarctic 
(Clowes, 1938) and from those of the Carnegie (in press). The section in 
the Indian Ocean (fig. 47) is based on Discovery observations (Clowes, 
1938). Examination of these sections and the vertical distribution 
curves in figs. 48 and 50 shows that in general the distribution of phos- 
phate and nitrate is characterised by four different layers: (1) a surface 
layer in which the concentration is low and relatively uniform with depth, 
(2) A layer jn which the concentration increases rather r^idly with 
depth, (3) a layer of maximum concentration that is usually located 
somewhere between 500 and 1500 m, and (4) a thick bottom layer in 
which there is rdatively little change with depth. Exa mina tion of 
figs. 45, 46, and 47 shows that the surface layer is thickest in mid-iatituctos 
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in both hemiiq>heres, that in these regions the layer of inereaung oon- 
cmbration is dearly defined, and that the gradient is la^. Associated 
with the divergences at and near the Equator, the surface layer is thin 
and the underlying gradient is very steep. This feature is brought 
out more clearly in fig. 198 (p. 710), which shov^ the vertical distribution 
of properties in the upper 300 m in a section across the equatorial cur- 
rents in the Pacific Ocean. In high latitudes (above about 50°), where 
the surface layer of low concentration and the layer of rapid increase 
may be entirely lacking, high values of phosq^hate are found at the 
surface. 



Fig. 47. Phosphate distribution iu a longitudinal 
section in the western Indian Ocean. Units: Mg'^^toms 
of phosphorus per 20° liter. 


In the Atlantic Ocean the highest phosphate content (about 2 ng- 
atoms/L) is found in an intermediate layer extending northward from the 
Antarctic and centered at depths of about 1000 m. At all depths of 
about 1000 m or more there is a gradual decrease in phosphate concen- 
tration from south to north. A la^er of minimum concentration con- 
taining less than 1.0 Mg-stoms/L of phosphorus extends southward beneath 
the layer of maximum content. The phosphate concentration in the 
Antarctic is about twice that found in the northern part of the ocean. 
Regional differences in the phosphate distribution in the upper 50 m 
of the Atlantic Ocean are shown in fig. 217 (p. 787). Such differences 
are of importance in the distribution of plankton. The variations in a 
transverse section across the South Atlantic are illustrated in fig. 218 
(p. 788), which shows the variable thickness of the surface layer of low 
phosphate content. 

The distribution of phosphate in the Pacific Ocean (fig. 46) has many 
features that differ from those in the Atlaiitic Ocean. As might be 
expected, the conditions in the Antarctic are rather similar. However, 
the maximum amounts in the Pacific are found not in the Southern 
Hemisphere, as in the Atlantic, but north of the Equator, where the 
amounts present are about twice those found in the Antarctic (3.5 
f(g-atoms/L and about 2.0 Mg-atoms/L, respectively). Furthermore, 
there is no clearly defined layer of minimum phosphate content beneath 
the maximum. The deeper waters of the Pacific are in general higher 
in phosphate than those of the Atlantic Ocean. The difference in the 
character cff the distribution in the two oceans is rdated to the nature 



OItGANISMS AND THE COMPOSmON OP SEA WAfBR 


241 


t INDIAN 


of the deep>water circulaticm (p. 754), which is also reflected in the lower 
dissolved oxygen content of the waters of the Pacific. The latter 
feature is particularly marked in the Northern Hemisphere. 

The amounts of phosphate in the Indian Ocean (fig. 47) are greater 
than those in the Atlantic but somewhat less than those in the Pacific 
Ocean. The intermediate maxi- pei,-p. ^^-atomv'u 

mum in southern latitudes cor- . o in ao ao ad 

responds to that in the Atlantic, 
and the maximum in the equa- 
torial region corresponds to that 

in the North Pacific, as itisrelated '\ \\ 

to the low oxygen content of the 'v^\\ 

water. The minimum layer, at ,ooo- 

depths of about 3500 m, is clearly / 

defined in all latitudes north of Atlantic — i 

40‘‘S. S / ^ I 

The differences between the ^ / 

phosphate concentrations in the ; /y 

three oceans are brought out in 2000- ■ (' - 

fig. 48, which is based on data \ I 

collected by the Dana (Thomsen, ^ \ I 

1931) on a voyage around the t i V 

world and by the AUantia in the ^ 1 

western North Atlantic (Rake- | 

straw and Smith, 1937). Obser- 3000- ! I 

vations from six stations (locations ! / 

shown in fig. 44) in each ocean i // 

have been averaged and the val- j j 

ues corrected for salt error (p. j jl 

182), so that they are somewhat | // 

higher than the values given in the 4000 L 1 Lj LLj 

sections. Too great emphasis y^^ical diatribution of 

should not be placed on the ab- phosphate in the Atlantic, Pacific, and 
solute values, as the purpose of Indian Oceans based on data from the 
the illustration is only to show ***^““® shown in fig. 44. 
the character of the vertical distribution in the three oceans, and to 
emphasise the higher phosphate conten£H>f the Pacific and the Indian 
Oceans in contrast to that of the Atlantic Ocean. Data from individual 
stations in moderate and low latitudes usually show a well-defined 
intermediate maximum. 

The lack of nitrate observations from many parts of the sea makes 
it impossible to prepare sections comparable to those for phosphate. 
Considerable data have been collected by the Dana (Thomsen, 1931, 
1937), the Diacovery (Discovwy Reports, 1032; Deacon, 1033), the 
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Meteor in the region to the south of Greenland (Defant el al, 1034} end 
by the AUantUf but the information is insufficient to prepare longitudinal 



Fig. 49. Distribution of nitrate in a longitudinal 
section in the central Athuctic Ocean. Units: 
Mg-atoms of nitrogen per 20^ liter. 


sections. In order to demonstrate some of the features of the nitrate 


NO|-K M - dfoms/L 



Fig. 50. Vertical distribution of nitrate 
in the Atlantic^ Pacific, and Indian Oceans 
^sed on data from the stations shown in 
iig.44. 


distribution, fig. 49 (from 
Deacon, 1933) has been prepared 
for the southern portion of the 
Atlantic Ocean. This corre- 
sponds in part to fig. 46 showing 
the phosphate distribution. As 
might be expected, there is 
considerable similarity b^ween 
the patterns of phosphate and 
nitrate distribution, although the 
intermediate maximum is not 
clearly shown by nitrate. 
The Antarctic is extremely high 
in nitrate. The data from the 
North Atlantic indicate that the 
character of the nitrate distri- 
bution is very similar to that of 
the phosphate — ^namely, that the 
concentrations are only about 
one half those present in com- 
parable latitudes in the Southern 
Hemisphere. 

Curves for the nitrate distri- 
bution in the three oceans based 
on observations of the Dana and 
Atlantia and comparable to those 
shown for phosphate are given in. 
fig. 60. Too much emphasis 
should not be placed upon the 
absolute values, but the curves 


clearly demonstrate the characteristic features of the vertical distribution 
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Data from individual stationa in 


40 


30 


£20 


«ad the iagjti nitrate content of the Pacific and Indian Oceans in wm- 
parison witii that in the Atlantic, 
moderate and low latitudes gener- 
ally show an intermediate maxi- 
mum somewhere between 500 and 
1600 m. 

It has repeatedly been empha- 
sised that there is a close paral- 
lelism between the concentrations 
of mtrate and phosphate. This 
relationship has been demonstrated 
by plotting against each other in 
fig. 51 the average data for phos- 
phate and nitrate presented in figs. 

48 and 50. It is immediately seen 
that there is a good linear relation- 
ship between the two substances. 

The strught line represents the 
“normal" ratio of nitrogen to 
phosphorus of 15 : 1 atoms proposed 
by Cooper (1938a). Because of 
this relationship, it is possible to 
predict with a fair degree of accu- 
racy the concentration of either ni- 
trate or phosphate when either one 
is known, and, as pointed out previously (p. 237), a relationship exists 
between the concentrations of these elements and the oxygen depletion. 

The ranges in the various inorganic forms of nitrogen have been 
given (p. 181) as 



10 k 


Fig. 51. Relation between phosphate 
and nitrate in the three oceans. Points 
represent averages for individual depths 
used in constructing figs. 48 and 50. 
Stnught line represents "normal" ratio 
proposed by Cooper. 


NOrN = 0.1-43 pg-atoms/L 1-600 pg/L 
NO*-N = 0.1-3.5 “ 0.1-60 “ 

NHrN = 0.35-3.6 “ 5-50 “ 


The nitrate is the most abundant form of inorganic nitrogen, and, as 
shown in fig. 50, the low values occur at and near the surface, the high 
values in deeper water. The distribution of nitrite and ammonia, which 
are always in low concentrations, differs from that of nitrate in that the 
higher values occur in or above the thermocline. Nitrite may idso be 
found near the bottom in shallow water, but it is generally absent from 
most' of the wat«r column. The ammonia content of tiie deeper waters 
is relatively uniform and low. Data given by Bakestraw (1636) and by 
Redfield and Keys (1938) uuUcate that in deep water, away from shore, 
the amounts of these substances are small. At one station, half way 
between Cape Cod and Bermuda, the^ nitrite was found only at about 
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75 m, and the ammonia varied irregulariy from 0.3 to 0.6 itg-tAotoa/L 
between the surface and depths greater tiian 4000 m. Bobmson and 
Wirtii (1934b) found that, off the West coast of Canada and Washington, 

- ll■lllllllll — < — _ ■■ ■ — ■ [ ammonia was highest on the 

-p - average near the surface (1.5 

E**®- C * Mg-atoms/L). Moberg and 

i ^ Fleming (1934) also found 

^ iiiiflBlIli niiriiiiii' the ammonia to be mther ir- 

^ regular off southern Califor- 

Fig. 52. Distribution of silicate in a longi- nia,Dat independent of depth 
tudinal section in the southeastern Atlantic jiiyj present in quantities of 
Ocean. Units: /ig>atoms of silicon per 20° liter. ■ . n n ir 

^ about 2.0 Mg-atoms/L. 

The data available on the distribution of silicate in the oceans are 
even fewer than those for nitrate. The Discovery (Clowes, 1938) has 
made numerous observations in southern latitudes, and certain of these 
data have been used in pre- 
paring longitudinal sections — 

in the South Atlantic (fig. 52) rzooo-/^'* ^ 

and in the Indian Ocean (fig, " / ^ — ^ 

54). The locations of these k 

sections are shown in fig. i i ^ 

44. The Carnegie obtained 

numerous observations in , Distribution of phosphate in a 

longitudinal section in the southeastern Atlantic 
the northeastern and cen- Ocean. Units: MS-atoms per 20® liter. 

tral Pacific and there are ' . 

scattered observations from other regions, but they are inadequate for 
the preparation of longitudinal sections. In order to bring out similarities 
and differences in distribution, the silicate sections should be compared 
with the corresponding phosphate sections (figs. 47 and 53). It is 


Fig. 53. Distribution of phosphate in a 
longitudinal section in the southeastern Atlantic 
Ocean. Units: /ig-atoms per 20° liter. 



Fig. 54. Distribution of silicate in a longitudinal 
section in the western Indian Ocean. Units: jug-atoms 
of sUicon per 20° liter. 

readily seen that the vertical distribution of silicate differs from that 
of phosphate and nitrate, as there is no marlced intermediate maximum 
and the concentration increases all the way down to the bottom. The 
reasons for this difference in the pattern of distribution have already 
been set forth (p. 237). In the Atlantic Ocean (fig. 52) the silicate 
content of the deeper water is much less in low latitudes than it is in the 
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far south, but in the Indian Ocean (fig. 54) tibe contrast is not so great. 
Data in fig. 55 indicate that the waters of the North Pacific are extrauely 
rich in silicate and contain amounts comparable to those in the Antarctic. 
The Antarctic region is high in silicate, and also in phosphate and nitrate. 
Details of the distribution of silicate in the upper layers in the equatorial 
part of the Pacific Ocean are shown in fig. 198 (p. 710). The J>ona 
made no silicate determinations, and it is therefore impossible to present 
vertical distribution curves for the three oceans comparable to those for 
phosphate and nitrate. The high content of silicate in the North Pacific 
is shown by two curves (Thomp 

son, Thomas, and Barnes, 1934, ^ ^ 

Barnes and Thompson, 1938) in ® * 

fig. 55. The amount present be- jV \ 
low 1000 m (about 170 itg- \ \ 

atoms/L) is somewhat greater \ \ 
than that found in the Antarctic \ \ paotic 

(Clowes, 1938). In order to \ \ 

demonstrate the lower quantities ~ \ X\ 

present in the Atlantic and Indi- \*-\-s Atlantic il 

an Oceans, curves were con- S * \ \ 

stnicted from data in fig. 52 at ^ | \ |i 

36‘’S and in fig. 54 at 2.5**N. * • \ 1 

In basins, the distributions of ! \ f 

the elements discussed above ~ J 1 ! ~ 

may be quite different from ! I \ 

those characteristic of the open ^ | t 

sea. As shown in chapter IV, | ' ( 

the conditions in basins depend | 1 

upon the topography, the char- | \ 

acter of the renewal processes ' 

below sill depth, and the dis- Vertical distribution of silicate 

I j XX/ X* \ at individual localities in the North Pacific, 

solved oxygen content (aeration) South Atlantic, and Indian Oceans. 

of the water. In well-aerated 

basins, where there is inflow at the surface, the nutrient content is usually 
low. For example, in the Mediterranean Sea the phosphate and nitrate 
below sill depth are small when compared with the concentrations in the 
waters of the Atlantic Ocean (Thomsen, 1^31). In the western Mediter- 
ranean below about 1000 m the contents of phosphate and nitrate are con- 
stant in amounts of 0.6 jug-atoms/L and 11 Mg-atoms/L, respectively, which 
are about one half or less of the amounts in the open Atlantic. The 
dense water that flows out of the Mediterranean over the sill and mixes 
with the intermediate waters of the North Atlantic is therefore relatively 
low in nutrient elements and tends to reduce the phosphate and nitrate 
contents of the waters at intermediate leyels in the eastern North Atlantis. 
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In basins ot low oxygen content, such as the Red Sea, the nitrate and 
iduNq^te are rdativdy high for reasons already stated (p. 237). In 
stagnant Norwegian fjords, where hydrogen sulphide is present in the 
wator, StoSm (1936) found the phosphate to be as high as 10 jag>atonis/L. 

Foclon bifhiencbig the Distribution of Nutrient Elements 

The concept of dynamic equilibrium (p. 160) can be applied to the 
large-scale distributions of phosphate, nitrate, and silicate discussed 
above. On this assumption the distribution,. is stationary, the local 
change is aero, {da/dt » 0), and there must bit a balance between the 
effects of diffusion, advection, and the net effects of biological processes. 
Although the concept of stationary distribution is applicable to the 
deeper waters and probably to the upper layers in low latitudes, it is 
not valid for the upper several hundred meters in localities where seasonal 
variations are conspicuous. 

In the surface layers — that is, in the euphoric zone — biological 
processes mil generally lead to a net utilization of the nutrient elements, 
and, if the rate of utilization exceeds the rate of supply by diffusion and 
by advection, the concentrations will decrease. This is the character- 
istic change that occurs during the spring and summer months in regions 
where physical conditions limit plant activity during the winter. In 
such regions the reverse change takes place during the winter, when 
the supply to the surface layers by diffusion and advection outweighs the 
utilization and leads to an increase in the nutrient content at and near the 
surface. Consequently in regions where the temperature, light intensity, 
and biolofpct^i oi* other agencies are unfavorable for plant growth during 
part of the year, marked seasonal variations may occur in the nutrient 
distribution in the surface layers. In addition to 6uctuations in con- 
sumption, the supply of nutrient elements to the surface layers by diffu- 
sion and advection may vary during the course of the year. For example, 
the magnitude of the vertical coefficient of eddy diffusivity, A», is inde- 
pendent of the gradient in the nutrient concentrations but will be affected 
by the temperature distribution and the wind conditions. Furthermore, 
changes due to shifts in currents will affect the distributions, although 
undoubtedly the most conspicuous effects are those related , to vertical 
advection. In regions of surface convergence, waters low in nutrients 
may octend for a considerable distance below the euphoric layer. On 
the other hand, where there is divergence — ^that is, upwelling — nutrient- 
rich waters are carried upward toward the surface. Divergence may 
occur in ihe open ocean, as on the Equator and at the northern boundary 
cff the Equatorial Counterisurrent (p. 635), or along conrinental coasts 
where the prevailing winds are such that upwelling is induced (p. 501). 
In coastd areas where upwelling is seasonal or intermittent, the nutrient 
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content of the surface waters may show .marked fluctuations and may 
actually increase during the season of maximum plant activity. In the 
discussion of the annual cycle of temperature in the upper layers, data 
were presented for Monterey Bay, California, where temperature chwges 
due to the effects of heat conduction by eddy processes, upwelling, and 
current shifts could be traced (fig, 32 and p. 131). Corresponding data 
(Phdps, 1937) for the silicate distribution in Monterey Bay are given in 
fig. 56. In order to demonstrate the similarity to the temperature 
changes, the silicate scale in the diagram increases downward. During 
the spring and summer months, upwelling maintains a virtually constant 
amount of silicate in the surface layers despite the utilization that must 
take place, and at a depth of 20 m the silicate actually increases during 
this period. This seasonal variation is very different from the changes 
found in the English Channel (see 
fig. 66) and at Friday Harbor, 

Washington (see fig. 65), where 
there are much smaller concentra- 
tions of silicate during the summer 
than during the winter. The shift 
of the currents at Monterey Bay in 
September, which brings offshore 
water toward the coast, is refiected 
in a sharp drop in the silicate con- 
tent and a corresponding rise in the 
temperature of the upper layers. A 
similar effect is shown in December, when the northward-flowing coastal 
current is established. 

From the foregoing comments, it is obvious that seasonal variations 
in the distribution of the biologically affected elements must be inter- 
preted with great care. Fluctuations in concentration cannot be 
ascribed to biological processes alone unless it can be established on the 
basis of other data, such as temperature and salinity observations, that 
the effects of sidvection and diffusion can be neglected. In certain 
regions where there are marked differences between the summer and 
winter concentrations, estimates of organic production have been made 
from the depletion of nutrients occurring in the upper layers. Such 
estimates are minimal unless the effects nf regeneration and diffusion 
are taken into account, and will be invalid if advection is an important 
factor, as in Monterey Bay. No systematic study of the seasonal varia^ 
tions in the distribution of the nutrients in the open ocean has yet been 
made, but in certain coastal areas a considerable amount of data has 
been accumulated that will be taken up under the discussion <A the 
individual elements in the following pages. 


Fig. 56. Seasonal variations in the 
silicate content at various depths in 
Monterey Bay, California. Silicate scale 
increases downwards. 
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Cempowds of Carbon, Nitrogait, PhoipItonM, and Silioon in the Sed 

OsoANic Cabbon. The carbon present as carbon dioxide and the 
salts of carbonic acid, as well as many of the effects of biological activity 
on the distribution of COt, have been discussed in chapter VI. Seasonal 
changes in the COj content of the waters of the English Channel have 
been described by Cooper (1933). The carbon present in sea water in 
organic combination will now be considered. 

The COx that is removed from the water. by organisms is utilised 
partly for the secretion of calcareous structure^but chiefly for building 
up organic compounds ' Metabolic activity returns most of the organic 
carbon to solution as CO 2 , and bacteria and other microorganisms play 
an important part in the break-down of excretory products and the 
detrital material resulting from the death and partial disintegration 
of plants and animals. If dissolved oxygen is present in the water, the 
end products will be completely oxidized, but in the absence of oxygen 
anaerobic bacteria may flourish and hydrogen sulphide and other products 
of putrefactive decomposition may be formed. The latter conditions 
apparently occur only in and above the sediments in certain areas and 
in enclosed basins. The COx in calcareous structures returns to solution 
if the skeletal material dissolves. It should be remembered that, as 
with other elements, the cycle of carbon in the sea is not completely 
closed, since there is some loss to the sediments in both calcareous 
material and in resistant organic matter. 

Before proceeding to a discussipn of the amounts of, carbon occurring 
in organic combination, either in living organisms or in particulate or 
dissolved compounds of organic origin, it should be pointed out that the 
division of the organic matter into various fractions is an empirical one. 
It has been customary to speak of “net plankton” — usually that which 
can be removed from the water by filtration through a fine net; “ nanno- 
plankton” — that which will pass through the ordinary net but which can 
be removed by centrifuging or passage through filter paper; and “dis- 
solved organic matter ” — that which will pass through the filter. Exami- 
nation of the literature reveals that a variety of methods have been used 
to separate those fractions, and consequently the results for different 
fractions are not always comparable. In the following discussion the 
term “particulate material” will be used to designate all the material, 
either living or dead, which is caught by a fine filter that will retain 
particles of about the size of the larger bacteria. It should be kept in 
mind that the organbms in sea water, the number of bacteria, and even 
\he inorganic constituents involved in bacterial development undergo 
rather rapid changes after the collection of samples. Therefore, unless 
the separation into the required fractions is made immediately, or 
unless suitable preservatives are added, the results obtained for the 
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differmt fractions may be in error. Such errors may account for tiie 
relatively low amounts of particulate organic matter sometimes reported. 

Patter (p. 912) maintained that marine invertebrates obtained 
nourishment from the dissolved organic matter in the water. This 
hypothesis was based on observations which indicated tiiat the amount 
of organic matter in solution was many hundred times greater th*n 
present as plankton and particulate detritus. Further investigation has 
tended to reduce the difference between the two fractions of organic 
matter, because the earlier determinations of dissolved organic material 
were obtained by inaccurate methods. Additional studies summuised 
by Krogh (1931) and Bond (1933) also indicate that dissolved organic 
matter cannot be utilized by animals. Although Patter’s hypothesis 
has lost its original significance, it has stimulated a great deal of interest 
in the problem of the dissolved organic material and its utilization, 
and investigations have shown that dissolved organic material, although 
unused by animals, can be utilized by bacteria (p. 912). 

Although the problem has attracted much discussion and speculation, 
there are very few trustworthy data concerning the amounts of carbon 
present in particulate or dissolved material in the sea. It is extremely 
difficult to determine accurately the carbon in small amounts of organic 
matter, especially in the presence of large quantities of salts. Methods 
have been proposed for concentrating the particulate material by filtra* 
tion or precipitation (von Brand, 1935) and for determining the carbon 
by a microcombustion method. No method is as yet available for con- 
centrating the dissolved organic material and freeing it from the salt; 
consequently the existing methods are based on wet combustions vrith 
strong oxidizing agents such as permanganate or chromate. (Bond, 
1933; Krogh and Keys, 1934.) Two difficulties are inherent in the 
latter type of determination: (1) many of the inorganic salts present 
in sea water interfere with the oxidation and usually tend to give high 
values, (2) there is uncerttdnty as to the completeness of the destruction 
of the organic compounds. Some oi^ganic materials may be completely 
converted into carbon dioxide, water, and so on, by such a procedure; 
other compounds are only partially decomposed, and still others are not 
attacked at ah. As the chemical constitution of the dissolved material 
is not known, it is difficult to evaluate accuracy of determinations 
made by such methods. Determinations made by wet combustion 
give the “oxygen consumed,” and a further uncertainty arises when it is 
necess^ to convert these values into the amounts of organic carbon 
present in the samples. 

The development of marine bacteriology has offered a new approach 
to the problem of the amount of organic material (both particulate and 
dissolved) in sea water. If sea water is placed in clean, stoppered 
botties and kept in the dark, bacteria will develop in great numbers 
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and Uie diflscdved oxyisen vriU be ecmeumed ift metab<^o pnAsessee. 
Hie amount of oxygen ccnuumed, if it is not emnidetdy exhausted, is a 
measure of the amount of organic matter attacked by the bacteria. 
Even if the water is passed through an ultrafilter to remove particles of 
oolloidid dimensions, and is inoculated with unfiltered sea water, it is 
found that enough organic matter is still present to permit the develop- 
ment of a large bacterial population. This problem has been discussed 
by Keys, Christensen, and Krogh (1935) and in a number of publications 
by Waksman and by ZoBell (for example, Wifirsman and Benn, 1936; 
ZoBell, 1940). Although a line of investigation of great promise, studies 
of bacterial oxygen consumption are beset with many difficulties and 
the results thus far available are not conclusive. It has been shown 
that the mnount of oxygen consumed is a function of temperature, time, 
the source of water, and the solid surface-volume ratio (ZoBell and 
Anderson, 1936). Until standardized methods are established and 
extensive studies made of the regional, depth, and time variations of 
this property, only some general quantitative results given below can be 
considered. 

The amount of carbon present in oceanic sea water in inorganic 
compoimds is between 2.1 and 2.5 mg-atoms per liter (25 to 30 mg/L), 
depending upon the salinity, temperature, and effects of biSlogical 
activity. Krogh (1931, 1934a,b) has summarized the aviulable data 
on the amount of organic carbon in sea water. In his later work he 
reports total organic carbon anal)rses on six water samples from the 
Atlantic Ocean. Virtually no variation vrith depth was found, and 
Krogh considers the average value applicable to all depths and oceans. 
The average was 0.2 mg-atoms (2.05 mg) of carbon per liter, which is 
approximately one tenth of the amount present in inorganic form. From 
estimates of the amount of plankton, Krogh found the dissolved material 
to be about three hundred times more abundant than the particulate 
organic matter. These figures apply to the deeper water of the open 
ocean.- Bond (1933) examined the surface layers in nearshore areas of 
higher production and found rather different values. His original data, 
obtained by wet combustion, are expressed in terms of oxygen consumed. 
In order to make them comparable to those of Krogh, it has been assumed 
that two atoms of oxygen were required to oxidize one atom of carbon. 
The recomputed nummum, maximum, and average values are (pven in 
table 58. Although Bond’s values for the dissolved fraction are approxi- 
mately the same as those of Krogh for the total carbon, they show a 
considerable range. Furthermore, it will be noted that tiie particulate 
material is relatively more abundant and forms between one tenth and 
one third of the total. 

results of bacterial oxygen-consumption studies are difficult to 
evaluate because of the variety of techniques that have been used. 
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SometamM tiie water has been filtered and at other times it has not, abd 
in rdatively few eases have the cultures been kept for a sufficiently long 
time. The maximum values of oxygen consumption for unfilter^ sea 
water range between 0.13 and 0.18 mg-atoms of oxygen per liter (1.5 
and 2.0 ml/L). Using a 2 : 1 ratio by atoms, these are equivalent to 
0.07 to 0.09 mg-atoms of carbon. These values are of the order of one 
fifth to one half of the total organic carbon values given above. Waks- 
man and Renn (1936) have found that in the laboratory about 50 per 


Table 53 

ORGANIC CARBON CONTENT OF WATER NEAR FRIDAY HARBOR 


Substance 

mg-atoms/L of carbon 



Average 

Net plankton 


0.06 

WM 

Nannoplankton 

0.005 

0.11 


Dissolved 

0.13 

0.25 

■ITS 

Total organic 

0.143 

0.42 

0.26 


cent of the organic matter is readily attacked by bacteria, of which about 
60 per cent is oxidized and 40 per cent is converted into bacterial cell 
substance. Estimates of organic carbon in sea water obtained in this 
way therefore give values of the same magnitude as those obtained by 
chemical methods. 

The oxygen consumptions given above were for water from near the 
surface in areas relatively rich in 
plankton. Samples from deeper 
levels consume about one half as 
much oxygen. As shown previ- 
ously (p. 236), there are relatively 
constant ratios between carbon, 
nitrogen, and phosphorus in the 
organic material. This fact has 
been used in certain studies in 
wMch the organic nitrogen (de- 
termined by the Kjeldahl meth- 
od) is used as a measure of the 
amount of oi|;anic matter. The 
relative amounts of organic nitrogen and phosphorus in sea water are 
in fair agreement with the amounts of carbon ^ven ;above. The organic 
nitrogen content of bottom samples (p. 1010) has been widely used as a 
measure of their content of orgamc m),tter. In sediments the ratio of 



Fig. 57. Annual cycle in the nitrate 
and nitrite content of the surface waters at 
Friday Harbor, Washington. 
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carbon to nitrc^fen haa been found to be larger than in the organisms. 
This change in the ratio indicates that a relatively large proportion of the 
nitrogen has been lost by the refractory detrital matter that accumulates 
on the sea bottom. 
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Fig. 58. Seaaonal variationa in nitrate, nitrite, and ammonia in the surface layer 
(0-25 m) and in the bottom layer (50-70 m) in the English Channel during the period 
^fovember, 1930, to January, 1932. (After Cooper, 1037b ) 


Nitbooen Compounds and Tbeik Sbasonad Vabiation. In certiun 
coastal areas, sufficient data are avulable to examine the seasonal changes 
in the distribution of nitrate, nitrite, and ammonia. Only selected cases 
of seasonal variations will be given, but additional references may be 
found in the works cited. Phifer and Thompson (1937) give the results of 
nearly five years’ studies of the surface conditions at Friday Harbor, on 
the San Juan Channel. The averages of the monthly means for NOi and 
NOa for the period 1931 to 1935 are shown in fig. 57. It should be noted 
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that tiw NOt scale is one fiftieth that for the NO*. The nitrite ai^teaia 
in greatest abundanee after the period of most raind utilisation of 
nitrate by plants m the spring and summer, and thmi decreases and is 
minimal at approximately the period of maximum nitrate. Cooper 
(1937b) has shown the seasonal changes in NOi, NOt, and NH* in the 
surface (0 to 25m) and bottom (50 to 70m) layers in the English Channel 
during the interval November, 1930, to January, 1932 (fig. 58). The 
three components are on different scales — namely, NOrN :NHrN:NOt- 
N » 8 : 2 ; 1. In general, these data show cycles similar to those in fig. 57. 
During and after the period of greatest plankton development, there is a 



Fig. 5P Seasonal variations in the vertical distribution of nitrite and nitrate in 
the Gulf of Maine during the period May, 1933, to September, 1984. (After Rake- 
straw, 193fib.) 


rise in ammonia, followed by one in nitrite and thmi one in nitrate. 
This indicates that, in the regeneration of nitrate from organic matter, 
the nitrogen passes through these stages. It should be noted, however, 
that the ammonia and nitrite never reach concentrations as great as 
the nitrate. In the English Channel the total inorganic nitrogen com- 
pounds are always much lower than at Friday Harbor. Rakestraw 
(1936) has presented detailed observations of the variations in nitrite 
and nitrate during a year in the Gulf of Maine, from which fig. 69 is 
taken. These data show the nitrite to be most abundant near the surface 
during the summer and autumn, when the nitrate is lowest. That the 
higher quantities of nitrite are definitely'hssociated with the distribution 
of density, and hence of temperature, is shown in fig. 60 (Rakestraw, 
1936). When there is a marked thermocline, the nitrite is rither in or 
above it. Similar data are not available for ammonia in the Gulf of 
Maine, but Redfield and Keys (1938) report that it is closely related to 
the amount of nitrite and also to the amount of plankton in the water. 

The nitrogen in particulate organic material may be determined 
on the separated material which has l^n concentrated by filtration or 
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oaimd down wHh a flooculeat precipitate (von Brand, 1935). Yon 
Brand (1938) has determined the particulate organic nitrogen for five 
oceanic stations in the northwest Atlantic. The greatest variability 
was found in the upper 400 m, with values ranging between about 0.07 
and 1.3 /ig-atonois/L. The hi^ values usually occurred at or near the 
surface. Near Iceland, values as high as 5.2 Mg-atoms/L of nitrogen 
have been found, and in the Gulf of Maine surface values of 2.4 /ig-atoms/L 
were obtained (von Brand, 1937). Below 400 m the amounts varied 
rather irregularly between 0.07 and 0.21 ^tg-ati^ms/L. Cooper (1934) 
found between 0.3 and 0.7 /ig-atoms N/L as net plankton in the English 
Channel. Cooper’s samples did not include nannoplankton and detritus. 



Fig. 60. Vertical distribution of nitrite, as related to density (o-f) and temperature 
(After Rakestraw, 1936.) 


The total organic nitrogen, including both particulate and dissolved 
material, has been investigated by Robinson and Wirth (1934a,b). 
Kjeldahl analyses on unfiltered oceanic sea water showed about 7.2 
/ig-atoms/L of organic nitrogen near the surface, about half this amount 
at intermediate depths, and a slight increase again toward the bottom. 
In nearshore water the values near the surface were about twice as high 
as those in the oceanic samples. Moberg and Fleming (1934), using a 
similar method, found about 10 ;^-atoms/L, on an average, of organic 
nitrogen in the surface layers off southern California and somewhat 
higher values at greater depths. 

Figures 57 and 58 show that at Friday Harbor about 10 /tg-atoms/L 
of NOrN disappear during the summer, and that the change in the 
English Channel is approximately the same. As NHt and NOi are 
rarely present in comparable amounts, we must conclude that the nitrogen 
is in organisms, organic debris, dissolved organic compounds, or in some 
unrecognised inorganic form. 

Interesting experiments by von Brand, Rakestraw, and Renn (1937, 
1939) on the regeneration of nitrate from marine plankton in vitro indi- 
cate that the formation of ammonia from organic matter probably takes 
place without the formation of intermediate compounds. The results 
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of one of thw experiments are shown in fig. 61. In this expethnent, 
sea water, with added diatom material, was placed in the dark. Aftnr 
about four months, much of the particulate>N had been converted to 
NOt through the intermediate stages of NHt and NO* The jars were 
then placed in the light and inoculated with diatoms. Almost complete 
utilization of the NOt followed. The jars were again placed in the dark 
and the cycle was repeated. 

These experiments are extremely interesting, although regenerative 
processes in vitro apparently differ considerably from those in the sea. 
This result might well be expected from the peculiar laboratory conditions 



Fig 61 Expenment on the utilization and regeneration of nitrate When 
medium was placed m light, it was innorulated with diatoms Data from von Brand, 
Rakestraw, and Renn, 1039 

and the fact that the water was enriched with organic material. It 
may also account for the fact that the NHt and NOt reached relatively 
high values (the same as the NOt), and that during the regeneration the 
stages of production of NHt, NOt, and NOt were clearly defined (cf. 
figs. 67 and 68). Furthermore, it is interesting to note the great mcrease 
in the amount of nitrogen present as particulate material that was 
apparently resistant to the action of the bacteria present At the end 
of the experiment, approximately 60 pe( cent of the nitrogen was in this 
form. Such a “waste” of nitrogen does not take place in the sea. It 
is also of interest to note that diatoms would flourish if the medium were 
placed in the light when mther NHi or NO* were abundant and before 
the N0| had been produced. This supports the theory that marine 
plants can use any of these Inorganic forms of nitrogen equally well. 

Nitroosn Cycle in the Sea. The chemically bound nitrogen in 
sea water is known to occur in livii^ organisms, in dissolved and particu- 
late organic oripn, and /is ammonia, nitrite, and nitrate. 
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'Die quantities present in these various fonns vuy from place to place, 
uid in ti» upper levels nuty undergo seasonal changes. Much work has 
been done on the nitrogen cycle in the sea to determine the forms of 
nitrogen that can be used by the plants and the agendes which return 
tim organic nitrogen to inorganic forms. In the surface layers, prior 
to the vegetative season, the most abundant inorganic form of nitrogen 
is nitrate, and in deeper water, where nitrite and ammonia are negligible, 
this is always the case. 

Bacteria play important roles in the mineralislli^ion of organic nitrogen 
by acting upon detrital material, excreta, and dissolved organic matter, 
and in the intertransformation of NHi, NOi, and N0| (chapter XVIII). 
Pure culture studies with different species of marine bacteria show that a 
variety of transformations can be made under laboratory conditions, but 
these observations must be applied to the sea with caution because the 
organisms may not be capable of carrying on similar processes in the 
natural environment. The very large literature bearing on the nitrogen 
cycle in the sea has been reviewed by Cooper (1937b), who has considered 
all the various modes of transformation that are possible and from 
them has selected the more probable ones. In general, it is believed that 
the nitrogenous material gives rise to ammonia, which in turn is converted 
to nitrite and then to nitrate. The ammonia may be formed by the 
hydrolysis of protein material, amino acids, amines, and purine com- 
pounds such as urea, or through bacterial action on them. 

The oxidation of ammonia to^mitrite releases a large amount of 
energy and hence needs only to be activated in some way. ' The following 
agencies have been suggested: 

1. Photochemical oxidation induced by direct sunlight. This 
reaction was first observed in sea water by ZoBell (1933), but, as pointed 
out by Cooper, can be effective only within the upper meter or so of 
water, owing to the rapid absorption of the shorter wave lengths that 
activate the reaction. 

2. Chemical oxidation by the free oxygen in the water in the presence 
of surface catalysts. This reaction is of unknown significance. 

3. Bacterial oxidation. Nitrifying bacteria are present in bottom 
sediments, and forms isolated by ^Bell (1935b) converted ammonia to 
nitrite. However, the conversion occurred at a much higher oxidation- 
reduction potential than is ordinarily found in the sediments. Studies 
of the decomposition of marine plankton in vitro show a conversion of 
ammonia to nitrite, but no nitrifying bacteria could be isolated (von 
Brand, Rakestraw, and Renn, 1937). Nonetheless, the fact that nitrify- 
ing bacteria cannot be readily detected in sea water is not definite proof 
of their absence. It is well known that many marine bacteria are 
difficult to culture, and devriopment bf new techniques may establish 
thrir presence. Carey (1938) has shown that they can be isolated from 
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water rich in plankton. The presence erf nitrite^ which can sometimes be 
detected near the sea bottom, as in the English Channel in certain sessons, 
may indicate either oxidation of ammonia or reduction of nitrate. 
Although it has not been established, bacteria are probably the most 
important agency in the oxidation of ammonia to nitrite. 

Oxidation of nitrite to nitrate also releases energy, and, as in the 
oxidation of ammonia, purely chemical or photochemical processes 
may be important. Bacteria capable of making the transformation are 
abundant in sediments, but they are difficult to isolate from the water 
column. Development of suitable techniques may also clarify this 
problem. Cooper has pointed out that in sea water saturated with 
oxygen the nitrate in equilibrium with nitrite will be of a tremendously 

greater order of magnitude. ^ ^ ^ ^ 

Hence, the detection of nitrite in ‘ 

the water column may indicate / 

active production of this sub- J 

stance, which is present only as a /\\ \ ^ 

transitional stage in the regen- ^ / \ \ S V 

eration of nitrate. Brandt’s / \ \ / 

hypothesis (p. 768) was based on ^12 i-/ , , 

the discovery of marine bacteria jtmamjjasono 
which under laboratory condi- Fig. 62. Annual cycle in the phosphate 

tions were capable of denitrifi- »«rface waters at F,^,y 

__ ^ ... Harbor, Washington, and the monthly N/P 

cation. However, it is now con- ratios. 

sidered that under the conditions 

prevailing in the sea there is little or no loss of fixed nitrogen, although it 
has been shown that reduction of NO* to NO* may occur. This reduction 
may also be carried out by diatoms, as has been observed in pure-culture 
experiments (Zobell, 1935a). 

Organic Phosphorus and Seasonal Variations in Phosphate. 
For certain coastal areas, sufficient data exist to show the nature of the 
seasonal variations in phosphate. Friday Harbor, the English Channel, 
and the Gulf of Maine have been selected as examples. 

In fig. 62 are presented the averages based on about four years’ 
observations of the monthly mean values for POrP at Friday Harbor 


(Phifer and Thompson, 1937). Highest values occur during the winter, 
and lowest values during the summer season, when phytoplankton 
growth has been great. The monthly ratios of N : P are somewhat lower 
than the normal ratio proposed by Cooper, and their variability during 
the course of the year indicates that proportionally more nitrate than 
phosphate is utilised. Neither of these substances can be considered 
as limiting the amount of phytoplankton produced at this locality. 
Phosphate data from the English Channel (Cooper, 1938b) for the 
period Novwnber, 1930, to January, 1932, are presented in fig. 63 as 
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POc-P. In this shallow reigion ^ere is nevw v«y much differenoe 
between the quantities in the surface and in the bottom Isyera. The 
amount of phoiqihste in the Ehigliah Channel is much less tiian at Friday 
Harbor, al^ough the difference betwera maxima and minims are of the 
same order, 0.5 ^'atoms/L in the former, and about 0.75 sg-atoms/L 



Fig. 63. Seasonal variations in the phosphate content of the surface layer 
(0-25 m) and the bottom layer (50-75 m) in the English Channel during the 
period November, 1030, to January, 1932. 



in the latter area. The minimum values for San Juan Channel are in 
excess of the maximum values for the English Channel. Similar condi- 
tions hold for the nitrate (p. 252). 

Cooper (1938b) has assembled phosphate data for the English Channel 
covering a period of eighteen years. In fig. 64 are entered the winter 

maxima for the average PO 4 -P 
content of the water column 
near Plymouth. As the phos- 
phate content of the water 
during the winter is a meas- 
ure of potential production 
for the following spring and 
summer, his data indicate a 
drop in fertility after 1929 or 
1930. The changes are con- 
sidered to be associated with the circluation, which may undergo random 
or periodic fluctuations. 

In the preceding discussion, emphasis has been placed on the cyclic 
nature of the seasonal variations, and it is obvious that the conditions 
in any area may not repeat themselves if disturbances, such as shifts 
in the circulation, bring about changes. 

The seasonal variations in the PO4-P and in the various organic 
phosphorus fractions in the Gulf of Maine have been studied by Redfield, 
Smith, and Ketchura (1937) . During one year, five series of sunples were 
collected at various depths'^ between the surface and the bottom. These 


Fig. 64. Winter maxima for phosphate in 
the English Channel for the period 1921-1938. 
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samples were analysed for PO 4 -P, dissolved organie-P, and particulate 
organic-P. The results are summarised in table 64. The variations in 
total phosphorus during the year are ascribed to the fact that, altiiough 
collections were made at the same locality, the circulation (advection) 
brought in water of different character. Table 54 shows that the 
particulate phosphorus never represents more than about 10 per cent 
of the total, but that the dissolved organic phosphorus sometimes occurs 
in relatively large amounts, in the upper 60 m approaching 50 per cent 
of the PO«-P. 

Tabu 54 

SEASONAL VARIATIONS IN PHOSPHORUS DISTRIBUTION 
IN THE GULF OF MAINE 



Interval 


Mg-atoms/L of phosphorus 


Form of phosphorus 

of depth, 
meters 

May 18, 
1035 

Aug 20, 
1935 

Nov. 8, 
1035 

Feb. 26, 
1936 

May 14, 
1036 

Phosphate 

1 

0-60 

0 60 

0 68 

0 65 

1 03 

0 64 

60-120 

1 11 

0 01 

1 08 

1 02 

1.25 


120-180 

1 31 

1 22 

1 25 

1 11 

1 1 51 


180-240 

1 61 

1 30 

1 22 

1 51 

1 60 

Dissolved organic 

0-60 

0 08 

0 34 

0 20 


iPl 

60-120 

0 02 

0 20 

0 31 

BSfS 

mmrn 


120-180 

0 01 

0 17 

0 20 




180-240 

0 00 

0 20 

0 37 


Ha 

Particulate organic 

0-60 

0 15 

■PI 

0 10 


0 12 


60-120 

0 06 

mUm 

0 05 


0 07 


120-180 

0 04 


0 08 

0 03 

0 02 


180-240 

0 04 

0 03 

0 08 

0 04 

0 06 

Total 

(Average for whole 
water column) 

0-240 

1 26 

1 36 

1 44 

1 31 

1 51 


Earlier work on organic phosphorus in the sea has been summarised 
by Cooper (1937a), who also reports observations from the English 
Channel. Cooper points out that many determinations of the total 
"organic phosphorus” (both particulatC^nd dissolved) probably include 
arsenite-arsenic that has been oxidised to arsenate when the organic 
matter was destroyed and that has not been reduced again. Arsenate 
will give the same reaction as phosphate in the colorimetric estimation, 
and, because tiie arsenic present as arsenite will not affect the inorganic 
phosphate analyses, the determination of "organic phosphorus" will 
be too high by about 0.2 |ig-atoms/L (the concentration of arsenic). 
In the determinations in tiie Gulf of Maine this source of error was 
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eliminated. The ‘^oiganic phosidiorus,” uncorrected for arsenic, aver- 
ages about 0.4 Mg-atoms/L f Cooper, 1937a). If reduced by one half to 
eliminate the effect (ff ataenio. this value corresponds to the average for the 
Gulf of Maine. 

The maximum values reported by Redfield ti al in the Gulf of Maine 
for particulate and dissolved organic phosphorus are 

Particulate P: 0.21 /tg-atoms/L. 

Dissolved organic P: 0.58 Mg'-atoms/L. 

If multiplied by 16, the ratio of N:P in organlbins, the corresponding 
values of particulate and dissolved organic nitrogen would be 3.4 and 
9.3 Mg-atoms/L respectively, which agree with determinations of nitrogen 
in the corresponding fractions (p. 254). 

Phosphortts Cycle in the Sea. The cycle of phosphorus in the 
sea is rather similar to that of nitrogen except that only one inorganic 
form, phosphate, is known to occur. As shown above, phosphorus can 
be found in orgwisms, in particulate and dissolved organic compounds, 
and as phosphate. Probably only the phosphate is utilized by plants, 
and the dissolved organic fraction, which can originate as a metabolic 
product and from excreta, and the decomposition of organic material 
must be intermediate stages in the regeneration of phosphate^ The 
roles that bacteria play are not yet known. 

Studies of the decomposition of plankton material in vitro have led 
to some interesting results. Cooper (1935) added zooplankton and 
phytoplankton material of known phosphorus content to sea water and 
determined the rate at which the PO4-P was formed. The PO4 appeared 
more rapidly in the zooplankton samples than in the diatom material. 
Furthermore, the PO4 produced in the zooplankton samples was in 
excess of that originally present as PO4 plus that added in the particulate 
material. This excess was formed from dissolved organic phosphorus 
originally present in the water. The PO4 in the diatom experi- 
ments never rose to the level of the original PO4 plus that added, even 
after an interval of about five months. The initial rate of appearance 
of PO4 was rapid, and in the zooplankton experiments the transformation 
was nearly complete in about two weeks. The difference in behavior of 
the plant and animal material cannot yet be accounted for. Seiwell 
and Seiwell (1938) found that zooplankton decomposition at 22** to 
25‘’C (probably higher than the temperature of Cooper’s experiments) 
was such that the formation of PO4 was most rapid during the first day 
or two after death. This stage was often follow^ by a period when the 
rate of utilization of PO4 by microorganisms in the experiments exceeded 
that of formation. On the basis of these experiments it is sometimes 
considered that the PO4 must be regenerated more rapidly than the N 0 |. 
However, field evidence offers little support for this theory. Examina- 
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tion of figures illustrating the seasonal variation shows that the minima 
and maxima in NOs and PO4 occur in the same months^ which would 
indicate that the relative rates of utilisation and regeneration are about 
the same. Furthermore, estimates of plankton production in the 
English Channel based on the drop in PO4 and NOj from winter maxima 
to summer minima (Cooper, 1938b) yield approximately the same results. 

Dec. 4, 1930, to Aug. 26, 1931: Drop in NOa-N » 6.3 /ng-atoms/L. 

March 23, 1931, to May 18, 1931: Drop in PO4-P « 0.46 /ig-atoms/L. 


If these are utilized in the proportion of 16 : 1 , the NO3-N equivalent to 
the PO4-P would be 7.4 /ug-atoms/L. As only a small fraction of these 
amounts are ever present in living organisms, the water must contain 
an abundance of detrital or dissolved substances available for regenera- 
tion. If the rate of regeneration of PO4 were quicker than that for NO3, 
it would be expected that the drop in PO4 would be much smaller. 
Although nothing is yet known concerning the absolute rates of regenera- 
tion in the sea, at least there is no evidence that their relative rates are 
very different. 

Redfield, Smith, and Ketchum (1937), on the basis of the material 
summarized in table 54, have calculated the manner in which the various 


phosphorus compounds vary in 
the different layers, assuming (1) 
that all utilization of phosphate 
takes place in the upper 60 m, (2) 
that all downward transport of 
phosphorus is due to the settling 
of organisms and particulate ma- 
terial, and (3) that the upward 
transport is all due to eddy dif- 



Fig. 65. Annual cycle m the silicate 
content of the surface waters at Friday 
Harbor, Washington. 


fusion. From their examination it was concluded that decomposition 
and regeneration took place throughout the column of about 240 m of 


water. 


Seasonal Variation in Silicate. Observations on the seasonal 
cycle in silicate-silicon have been carried out in many localities, of which 
Friday Harbor and the English Channel have been selected as examples. 
The data presented are comparable to those given for NOg-N and PO4-P. 
Fig. 65 shows the average monthly valilfes for Friday Harbor baSfed on 
more than four years' observations. The highest values occur during 
the winter and the lowest values during the early summer. The range 
in silicon is 15 Mg-ntoms/L. The ranges in SiOg-Si, NOg-N, and PO4-P 
are in the proportions of 20:14.7:1. Data for the English Channel 
(Cooper, 1933) are shown in fig. 66 . It will be noted that Uie concentra- 
tion of silicon in the Eng^h Channel is much lower than it is at Friday 
Harbor, being in general only about 3^5 as great. The range in silicon 
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during 1931 wm about 3.6 /ig-atoma/L, and tbe ratios of the ranges of 
SiOrSi, NOrK, and PO«-P are 7.6 : 13.7 : 1. The ratios of utilisation of 
NOs and PO« in the two areas axe in reasonably good agreem^t, but 
there is a marked difference in the amount of silicon withdrawn. Whether 
or not this difference is associated with the character of the plankton 
or the sequence of plankton development in the two areas is not known. 
The seasonal cycle in the SiOi distribution in Monterey Bay was pre- 
sented in fig. 56. 



Fig. d6. Seasonal variations iq. -the sQicate content of the surface layer 
(0-25 in) and the bottom layer (50-T0 m) in the English Channel during the 
period November, 1030 to January, 1032. 


A factor that may complicate the seasonal changes in the silicon 
concentration in nearshore areas is the amount of siliceous material 
carried in by river waters, which is generally several times greater than 
that found in sea water; dilution will therefore tend to raise the concen- 
tration of silicate (Hutchinson, 1928). 

The Siucon Ctcle in the Sea. The depletion of the silicon in the 
surface layers is the result of biological activity and the sinking of 
the organisms or of their skeletal remains. The silicon removed from the 
water by diatoms or other orgamisms may return to solution after the 
death of the orgimism or may be deposited on the sea bottom. Unlike 
their roles in the cycles of nitrogen and phosphorus, bacteria are probably 
not directly involved in the re-eolution of silicon from skeletal material. 
The skeletal material that sinks to the bottom forms either a temporary 
or permanent constituent of the sedimmits. Siliceous sediments are 
found in higher latitudes where the bottom material contains a very 
large proportion of diatom frustules, while in other regions radiolarian 
riirietcns make up a large part of the sediment (chapter XX). 
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In the English Channel the sUiocm distribution is more erratie 
that of PO4 and of NOs, and there may be large differences in the amounts 
at various levels. High values often occur near the surface and immedi- 
ately over the bottom. The high surface values are ascribed to the 
effects of river water, the high bottom values to the re-solution of skeletal 
material that has settled there. The accumulation of dissolved silicates 
at a marked thermocline is also evidence of re-solution of slowly settling 
debris. 

Estimates of plankton production in the English Channel based on 
the difference between the winter maxima and summer minimn. in 
PO4-P, NOrN, and SiOrSi (Cooper 1933, 1938b) yield values from the 
SiOs data which are approximately of those obtained from the other 
elmnents. Cooper has attributed the smaller value to the rapidity with 
which the silicon passes through its cycle. The difference in the amount 
of silicon utilized in the English Channel and at Friday Harbor was 
noted above, and the fact that the concentration is reduced in the English 
Channel to a very low level may indicate that in that locality it does 
influence the production of diatoms. 

King and Davidson (1933) found that the quantity of SiOrSi in 
solution affected the growth of diatoms in laboratory cultures. They 
also followed the changes in dissolved silicon after the death of the 
diatoms and found that complete solution took place in about five 
months. Marine phytoplankton were similarly studied, and it was 
found that samples which were boiled dissolved more slowly than those 
unboiled. The authors suggest the possible existence of an enzyme that 
hastens solution. 
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CHAPTER Vlli 


The Sea as a Biological Environment 


In the foregoing chapters an account has been given of the chemical 
and physical aspects of the elements that together constitute the inorganic 
muine environment — namely, (1) the sea water itself, and (2) the ocean 
Boors. The chemical constituents and the physical properties of the 
sea water, together with their distribution, concentrations, and cyclic 
changes, the movement of the water, and the nature of the ocean floors 
are decisive factors in the history and fate of a perplexing array of living 
things. Herein are held many secrets of racial development, and herein 
must be sought the understan^ng of the delicately balanced maintenance 
of life and of the potentialities of future development 

Marine organisms are to be considered a part of the sea as it exists 
today. Just as sea water includes the various salts, both conservative 
and nonconservative (biologically changed), so also it includes the 
multitude of organisms which are bound to the sea for their existence 
and which, by origin, arc a part of the sea both racially and individually. 
The organisms, like the salts, are subject to the natural laws of the sea 
and are a part of the perpetual cycle of inorganic and organic substances 
so important in many aspects of oceanography. The changes that are 
apparent in concentration represent only patterns that are inherent in 
the phases of the cycle or that result from other causes, such as currents 
and processes of mixing. 

The aquatic environment offers the greatest intimacy between itself 
and the organisms which it bathes both over the body surface and within 
open or partially closed cavities as, for example, the internal ssrstems of 
coelenterates, echinoderms, and tunicates. Because of the stability of 
the physical characteristics of the sea water and of the composition and 
concentration of the dissolved salts the organisms, in general, have not 
developed highly specialised integuments and regulatory systems to 
protept themselves against sudden and intense environmental changes, 
as have most land miimals. It follows that small changes in the aquatic 
medium are promptly brought to play upon its population. It should 
be borne in mind, also, that the organisms themselves, being a part of the 
dynamic environment, modify particularly its chemical character by 
withdrawing or adding substances associated with the activities of life. 
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In subsequent chapters we shall discura the relation of some of 
the measurable environmmrtal factors to such phenomena as distribution, 
propagation, survival, and special adaptations, but first some facts of 
general application must be considered. 

Physical and Chemical Characteristics of the Marine Environment 

Water is essential to the maintenance of all life. It constitutes 
80 per cent or more by weight of active protoplasm. It is the meet 
efficient of aU sokenta and carries in solution thd^ecessary gases, oxygen 
and carbon dioxide, as well as the mineral substances necessary to the 
growth of plants and animals, and it is itself one of the eeeential raw 
materiaU in the manufacture of foods by plants. 

Organisms living in the terrestrial environment have devised means, 
such as impervious integuments, to conserve water, and the land plants 
have roots and special vascular systems for transport of water to all 
growing parts. In the marine enviroiunent there is freedom from desaiea- 
tion, except at high*tide levels, and therefore no higUy specialized means 
are provided for conservation of water or for its transport in plants. 

Also of biological importance are the high heat capacity of water and 
its high latent heat of eeaporation, both of which obviate the danger that 
might result from rapid change of temperature in the environlhental 
medium. Owing to the high degree of transparency of water it is possible 
for the sea to sustmn plant life throi^out a relatively deep layer, and 
in animals the development of organs of vision and of orientation has 
progressed to a marked degree. 

Sea water is a buffered solution; that is, changes from acid to alkaline 
condition, or vice versa, are resisted (p. 195). This property is of vital 
importance to the marine organisms, mainly for two reasons: (1) an 
abundant supply of carbon can be available In the form of carbon dioxide 
for the use of plants in the synthesis of carbohydrates without dis- 
turbance to the animal life that may be sensitive to small changes in 
pH, and (2) in the slightly alkaline habitat the many organisms that 
construct shells of calcium carbonate (or other calcium salts) can carry 
on this function much more efiiciently than in a neutral solution. 

The support offered to the bodies of marine organisms by the specific 
gravity of the surrounding medium obviates the need of special supporting 
skeletal structure in many forms. Striking examples of these are the 
jelly fishes, unarmored molluscs, unarmored dinoflagellates, and even 
the large marine mammals with their heavy skeletons, which could not 
.survive in their present bulky state except in an aquatic habitat. The 
hard shells of crabs, clams, snails, ami so on, doubtless serve as support, 
especially in some burrowing and intertidal forms, but these hard parts 
may be looked upon also as protective and as a framework for attach- 
ment of muscles used in digging, creeping, or swimming. 
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Sba Watxr and ths Boot Tlvtm. Sea water is a most appropriate 
environment for living cells, since it contains all of the chemical elements 
essential to the growth and maintenance of plant and animal protoplasm. 
It has been shown that sea water is a solution of a large number of salts, 
and it is important here to consider how it is related as an external fluid 
medium to the “internal medium" — namely, the body fluids (blood, 
coelomic fluid, and so on) of the oiganisms. The ratios of the major 
salts to each other, and usually their total concentration also, are strik- 
ingly similar in sea water and in the body fluids of marine invertebrates. 
The similarity of composition is not confined to marine animals, however, 
but is also in evidence in modified form in both terrestrial and fresh- 
water animals, including the lower and higher vertebrates, as is shown 
in table 55, which is from data compiled by Pantin (1931) and expanded 
by Dakin (1935). 

Osmotic Relationships. It is well known that when solutions of 
different osmotic pressure are separated by a semipermeable membrane 
that allows the passage of water but not of the solutes, there is a move- 
ment of the water through the membrane into the moie concentrated 
solution The cell membranes of organisms are just such semipermeable 
membranes through which a movement of fluids occurs inward or out- 
ward, depending upon whether the osmotic pressure of the external 
medium is less (hypotonic) or greater (hypertonic) than the internal 
medium. The internal and external media are isotonic when the> are of 
equal osmotic pressure. 

The osmotic pressure of a solution can be computed from the freezing- 
point depression (p. 67). This computation is possible because the 
salts that increase the osmotic pressure of a solution also depress its 
freezing point. The freezing-point depression below 0°C has been desig- 
nated by (p. 67), but wiU here be abbreviated to A Sea water hav- 
ing a salinity of 35.00 Voo freezes at —1.91°, owing to depression by the 
substances in solution. In other words, the value for A is 1 91°. Simi- 
larly, we obtain a A of 0.56 for human blood with a freezing point of 
-0.56°C. 

On the basis of A values, the osmotic lelations of the body fluids 
of marine and fresh-water animals to their external environmental 
medium are compared in table 56, from data compiled by Dakin (1935), 
to whose review the reader is directed for much greater detail and 
historical treatment. 

From the few examples in the table it is evident that the body fluids 
of marine invertebrates are isotonic or nearly so with their fluid environ- 
ment, whereas in the fresh-water forms the body fluids are hypertonic 
to the dilute external medium. For this reason the marine environ- 
ment in its osmotic relations fails to exact of its inhabitants as great an 
expenditure of energy in maintaining the proper concentration of body 
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fluids as does the fresh-water environment. The exact meehaoism 
whereby the fresh-water animals are independent of the external medium 
and are able to nuuntun a homoiotmoHc condition (that is, steady value 
for A) in Ihe presence of the hypotonic water is not known (see A for the 
eel AnguiUa artgtuUa in fresh and salt water, table 56). Tlmir existence 
under these conditions, however, requires a constant expenditure of 
energy in eliminating, through the kidneys and other excretory organs, 
the excess water taken in by osmosis. Marine invertebrates are poiktZ- 
ostnoHe (A changing with that of the external medium) only within 
rather narrow limits (Dakin, 1935); hence, they, too, must have some 
regulating mechanism. Except in estuarine conditions, however, the 
range of salinity in most parts of the sea is perhaps within the limits of 
poikilosmoticity of the invertebrates living there. For example, the 
lugworm, ArenuMla marina, in Helgoland waters with a A1.72 has an 
internal medium A1.7, but in the Baltic Sea with a water of A0.77 the 
same species has a A value of 0.75 for the internal medium. 

It should be mentioned here that the teleost (bony) fishes in marine 
waters are definitely hypotonic and, therefore, in order to keep their 
body fluids down to the required osmotic pressure for the species, they 
secrete chloride through the “chloride cells” of the gills (Kej'S, 1933). 
This function is a regulation toward a low osmotic pressure of the blood, 
as opposed to regulation toward a high one as performed by the Mdneys 
of animals in fresh-water environments. That this group of aquatic 
animals has achieved a marked degree of independence of the osmotic 
pressure of the external medium is evidenced especially by such forms 
as the salmon and eel, both of which, though practically homoiosmotic, 
spend their lives partly in hypotonic and partly in hypertonic environ- 
ments. The elasmobranchs— namely, the sharks and rays — are isotonic 
with sea water, but in these the high osmotic pressure of the blood is 
due not only to the presence of such salts as occur in sea water, but also 
to high urea content. For further discussion of salinity as an environ- 
mental factor, see also p. 839. 

Other Characteristics of the Environment 

In addition to the chemical and ph 3 r 8 ical properties of sea water, 
certain other biologically important chiracteristics are inherent in the 
marine environment as a whole. These result from the magnitude of 
the ocean itself, its great depth, and its expanse. 

In considering the ocean in its entirety as an environment, we are 
at first impressed by the wide ranges of living conditions, the salinities 
varying from those of dilute estuarian waters to concentrations of 37 Voe 
or more in the open sea, temperatures from 30"C to freenng point, 
light intencdties from brilUant sunl4^t at the surface to absolute and 
perpetual darkness in the deeper layers, and pressures from a sinidc 
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ataaospbere at the surface to about 1000 atmospheres in the greatest 
oceamo deeps. 

Impresnve as these ranges may be, nevertheless very uniform condi* 
tions do prevail over extensive areas of the environment, and many 
organisms may, by reason of the monotony of these extensive areas, be 
very delicately attuned to the prevailing unvarying conditions. Hence, 
it follows that faunal areas characterised by specific forms can be recog- 
nised. On the other hand, a wide range of conditions may be encountered 
in more restricted areas, especially in coastal regions. These conditions 
may be due to the physiographic character of the coastline, depth to 
bottom, topography and nature of the bottom, intiow of land drainage, 
meteorological conditions, and so forth. Specially adapted and tolerant 
forms occur here in profusion, for, as will be shown in later chapters, the 
shallow depths and varying conditions are frequently favorable to 
abundant production of primary food. 

It must not be overlooked that the gradients of salinity, light, and 
temperature that exist in the sea are favorable to a number of sensitive 
animals that possess the ability, through swimming or othersnse, to 
adjust themselves to optimum conditions. 

Depth and Light. Inherent in the vertical range or depth of the 
open-sea habitat are a number of important features of far-reaching 
biological effect Of prime importance is the relatively great vertical 
range of the euphotic zone avulablc for production of floating microscopic 
plants. But the gradient of light, both as to quantity and quality, 
resulting from depth of water also allows adjustment of many animals 
to the optimum condition with respect to this factor and, indeed, is 
associated with diurnal migrations of many forms to lighter or darker 
situations 

Pressure. Pressure in itself does not exclude life from the abyssal 
regions of the sea, for water is but little compressed and equilibrium 
exists between the inner and outer pressure affecting the body tissues. 
However, pressure may hmit the vertical range of motile forms, although 
some eurybathic animals apparently are not seriously affected and are 
known to make daily vertical wanderings of up to 400 m, correspondmg 
to pressure variations up to 40 atmospheres. Harpooned whales are 
said to “sound” to a depth of 800 m, and the sperm whales must descend 
normally to great depths, since the larfeie squids upon which they feed 
inhabit very deep water. 

Water Movements. The sea must be viewed as an environment 
that for the most part is in constant motion with both regular and irregu- 
lar patterns of flow. The principal biological benefits derived from the 
circulation are (1) oxygenation of subsurface water, (2) dispersal of 
wastes resulting from processes of metabolism, (3) dispersal of plant 
nutrients and other variable elements essential to plant and animal 
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srowth, and (4) diopenal of spores, egsB, larvae, and also many adults. 
On the whole, the circulation of water is of direct benefit, yet instances 
may be noted where some adverse conditions result nther as incidental 
or as permanoit features. Incidental disturbances may be due to 
unseasonabte shifts in the regular current system, such as give rise to the 
appearance of “El Nifio“ off the west coast of South America (p. 
704). In this instance, warm water of the Equatorial Countercurrent 
is carried southward along the coasts of Ecuador and Peru, which are 
normally bathed by cold currents. The result is a wholesale destruction 
of animal life along the coast, including many ^ano birds that depend 
upon the sea for food. Permanent or semipermanent features of current 
systems that take a regular toll of life are found where the moving water 
carries the inhabitants into areas of less favorable living conditions. 
For example. Gulf Stream inhabitants ultimately perish as they are 
swept northward into regions where the temperature of the water is 
lowered by admixture of cold water or by cooling in higher latitudes. 
Larvae of neritic forms are frequently (fispersed to offshore or other 
locations uninhabitable to the adult animals. Surface currents sometimes 
strew the shores with defunct bodies of normally oceanic or offshore 
forms such as'the coelenterate Vdlela or the pelagic snail Jardhina. 

ExTKNT or THB Marinb Envibonment. That part of the earth 
which is capable of sustaining life, both plant and animal, is known as 
the biosphere. The biosphere is subdivided into three principal divisions 
or habitats known as biocydea. These are the terrestrial, the marine, 
and the fresh-water biocycles, 'l^h has its characteristic types of 
ecological features and associations of plants and animals. A few 
animal species may at times migrate freely from one to another, as is 
witnessed especially by the salmon or the eel. 

The oceans cover some 71 per cent of the earth’s surface. Thus, 
the area of the oceans is about two and one half times the area of the 
land, but, when considering the space in which life might conceivably 
exist, account has to be taken of the relative vertical range provided 
by the two main enviromnents, the terrestrial and the marine. On this 
basis it is estimated (Hesse, Allee, and Schmidt, 1937) that the marine 
environment actually provides about three hundred times the inhabitable 
space provided by the terrestrial and the fresh-water biocycles together; 
for, whereas the terrestrial environment provides space only in a shallow 
sone mainly at the immediate surface and to a depth of a few feet at the 
most, the marine habitat provides livable space for at least some form of 
life from the surface even, to the abyssal depth of several miles. The 
fresh-water biocycle constitutes only a small fraction of the other two. 
•The aerial portion of the globe is not properly considered a separate 
biocyele, since entrances into it by birds, insects, and so forib may be 
conudersd mainly as temporary journeys. 
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Owing to tho difficulties attendant on the study of the ooeami, the 
marine biocycle is the least known of all. 

ClaMfflcation of the Marine EnWronment 

In order to fadlitate a study of the marine environment and its 
inhabitants, the former may be conveniently divided broadly into primary 
and secondary biotic divirions based upon phyrical-chemical attributes or 
upon the nature of the biota. The boundaries between these biotic 



Fig 67 The mam divisiona of the marine environment 


divisions, which are diagrammatically shown in fig. 67, are in some 
instances well defined, but more frequently there is a good deed of over- 
lapping. Thus, although the primary divisions are definitely set off 
from each other on physical bases, and the typical subdivisions of these 
habitats can be clearly recognised both biotically and abiotically, yet 
there are no well-defined boundaries between them. 

The two primary divisions of the sea are the benthic and the pelagic. 
The former includes all of the ocemi floor, while the latter includes the 
whole mass of water. 

Ths Bsnthic Biotic Environicent and Its Subdivisions. This 
division includes all of the bottom terrain from the wave-washed shore 
line at flood-tide level to the greatest deeps. It supports a charaoterisric 
type of life that not only lives upon but contributes to and markedly 
modifies the character of the bottom. Ekman (1935) discusses the 
boundaries of the vertical cones from a coogeographic standpoint, and 
we follow mainly the scheme employed in his text. 
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The benthic division may be subdivided into two main systems" 
namely, the littoral and the deep-tea systems. The dividing line between 
these has been set at a depth of about 200 m on the arbitrary supposition 
that this represents the approximate depth of water at the outer edge 
of the continental shelf (p. 20), and, roughly, also the depth separating 
the lifted from the dark portion of the sea. The littoral system is 
subdivided into the eulittoral and the sublilioral zones. The UeepHsea 
system is divided into an upper (archibenthic) and a lower {abytaalr- 
benthic) zone. The limits of the benthic subdivisions are hard to define, 
and are variously placed by different authors bec^se uniform boundaries 
that will fit all requirements cannot be drawn. For general biological 
studies, the different boundaries must be based on the peculiarities of the 
endemic plant and animal distribution and should follow the region of 
most distinct faunal and floral change. The biotic zones thus delineated 
will be characterized by a more or less c-learly defined range of external 
ecological factors which have given character to the population. 

The eulittoral zone extends from the high-tide level to a depth of 
about 40 to 60 m. The lower border is set roughly at the lowest limit 
at which the more abundant attached plants can grow. The sublittoral 
zone extends from this level to a depth of about 200 m, or the edge of the 
continental shelf. The dividing line between tnese subdivisions, varies 
greatly between extremes, since it is determined by penetration of light 
sufficient for photosynthesis. It will be relatively shallow in the higher 
latitudes and deep in the lower latitudes. In the upper part of the 
eulittoral zone a relatively well-defined tidal or intertidal zone that is 
bounded by the high- and low-water extremes of the tide is recognized. 
Some authors confine the eulittoral zone to this narrow section and 
consider the sublittoral to begin at the low-tide level (cf. Gisleu, 1930). 
The vertical range of the intertidal zone, though rather well defined for 
any given area, varies greatly in different sections of the world, for it is 
determined by the tidal range (seechapter XIV). In the upper reachesof 
the Bay of Fundy the zone may have a vertical range of over 15 m, 
while in the Gulf of Mexico it is less than 0.7 m, and in areas like the 
Mediterranean along the southwest coast of Italy the range is yet smaller, 
only 10 to 30 cm. On exposed coasts subjected to direct ocean waves 
and swells the upper range is somewhat extended to include a rather 
well-defined supratidal spray zone with a sparse population of especially 
resistant forms among which a few animals, such as the isopod Ligyda, 
appear to be in the process of becoming terrestrial in habit. Many 
species of animals are found only in the tidal zone and may be limited 
vertically in maximum distribution even to certain levels within the 
tone — for example, Ligyda and the gastropods Littorina eeutalata, L. 
pUmaxie, Acmaea digitalis, and others found at Monterey Bay only 
above the 0.76-m tidal level (Hewatt, 1937). Thus, in the tidal zone 
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in which the range in external factors is greatest we find a more restricted 
vertical range of specific animals than is obvious anywhere else in the 
benthic region of the sea. Many motile animals, for example crustaceans 
and fishes, move regularly into the intertidal zone to feed during high 
tide, and the small pelagic fish known as grunion migrate into the zone 
during certain high spring tides to deposit their eggs in the sand. 

The eulittoral zone gives rise to many biotopes, for it is greatly varied 
as to type of substratum — for example, rocky, sandy, or muddy — and 
also as to character of shore line and degree of exposure. The overlying 
water may be slightly or greatly reduced in salinity. These variations 
are direct, decisive features controlling the type and abundance of 
sessile littoral forms (cf. Shelf ord ei al, 1935). The plentiful primary food 
in this zone is derived from both pelagic and attached plants. 

Attempts to establish such zones as Fucus zone, Laminarian zone, 
and so on, based on the depths at which these plants are charactcriKtically 
attached, has the disadvantage that the plants are very frequently 
absent along vast stretches of the coast, owing to unfavorable substratum 
or other ecological factors; nevertheless, such classification may be of 
useful local application. 

Though the boundary between the sublittoral and the deep-sea 
systems is set at a depth of 200 m, Ekman’s compilations based on the 
fauna indicate that in most regions the boundary may be located between 
200 and 400 m. Light and temperature are important factors, and in 
high latitudes these factors operate together to shift the boundary into 
shallower water. 

The upper division of the deep-sea system is called the archibenthtc, 
a word introduced by Alexander Agassiz, but the term is unfortunate in 
that it implies the beginning of the benthos from this region. The zone 
is also called the continental deep-sea zone, but this gives rise to greater 
confusion, since the term '‘continental fauna’’ sometimes used must 
include also the littoral fauna unless specifically called continental-slope 
or deep-sea fauna. The archibenthtc zone extends from the sublittoral to 
a depth between 800 and 1100 m. 

The abyssalrbenihic zone comprises ail of the deep-sea benthic system 
below the archibenthic zone. It is a region of relatively uniform condi- 
tions. Temperatures are uniformly low’, from 5“ to — 1°C, and solar 
light is wanting. There are no seasons, anft hence the seasonal biological 
phenomena associated with the littoral zone are suppressed. Stagnant 
conditions do not prevail in the open ocean, however, for there is ample 
circulation to supply well-aerated water resulting from deep vertical 
movements in the high latitudes (p. 138). No plants are produced, and 
the extent to which autotrophic bacteria play a part in the manufacture 
of food is not known. The animals are carnivorous, feeding mainly 
upon organic detritus which in its initial organic state must have origi- 
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nated in the plants of the surface watm. The abyssal sone, though 
not sharply mariced off at its uppw limits from the archibenthic aone, 
has its own characteristic population, as will be brought out in a following 
chapt(Mr. 

The benthic environment from shore seaward to abyssal depths is 
covered, to a greater or less degree, by sedimentary deposits that may be 
classified as terrigenous deposits, organic or pelagic ooses, and red clay. 
A detailed discussion of the deposits will be found in chapter XX, and 
the nature of the distribution is shown in fig. As far as the biology 
of benthic animals is concerned, the most im^rtant features of these 
oozes are their physical consistencies and the amount of digestible organic 
material they contain. Most deep-sea benthic forms are detritus 
eaters and mainly dependent, therefore, upon the rain of pelagic organisms 
that falls to the bottom. The production of pelagic food usually decreases 
markedly with increasing distance from the coast, and the amount reach- 
ing the bottom in areas of very deep water is further reduced by its 
disintegration while sinking. Hence, the littoral muds are most rich in 
food, and the red clay at great depths and far from shore is the poorest. 
This difference is reflected in the number of animals actually collected 
from different areas (cf. p. 806). 

The Pelagic Environment and Its Subdivisions. The»pelagic 
division includes all of the ocean waters covering the benthic division. 
Horizontally, the pelagic division is subdivided into an open-sea (oceanic) 
province, and an inshore (neritic) province. 

Vertically, the oceanic provtnee has an upper lighted zone and a 
lower dark zone with no well-marked boundary between the two. For 
convenience the boundary is arbitrarily set at 200 m, since this would 
correspond with the arbitrarily set depth for the edge of the continental 
shelf and at the same time place the littoral system and the neritic 
province in areas definitely within the lighted portion. Actually, light 
changes gradually in both quantity and quality from the very surface 
downward to depths where it is no longer detectable (p. 82), and this 
depth varies with latitude, season, amount of suspended material, living 
or dead, and therefore also with distance from shore. These variables 
of the pelagic environment are of profound importance to the population 
of the sea, as will be pointed out later. 

The outstanding features of the oceanic province are the broad 
spatial expanses and the great ranges of depth. As distinguished 
from the neritic province the waters are as a rule very transparent, with 
little or no detritus of terrestrial origin. These waters are predominantly 
blue in color and support the blue surface fauna to be discussed more 
fully in chapter XVII. Although solar light penetrates idatively deeper 
than in in^ore waters, the great depth of the water included in this 
province results in oompletB eliminstion of solar light in the deepmr portum 
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of the province, and as a result only carnivores and detritus feeders can 
exist in the vwy deep layers. 

The chemical composition of the offshore water is relatively stable. 
Salinity is uniformly high, with only small fluctuations in space and time 
(p. 123), and plant nutrients are frequently relatively low in the upper 
layer and only slowly replaced. 

The vertical border separating the neritic province from the oceanic 
is set at the edge of the continental shelf; hence all wafer of depths 
shallower than 200 m would fall within the neritic province, which 
accordingly may extend far seaward iu instances where the continental 
shelf is broad, as off the cast coast of the United States, or be very narrow, 
as off the west coast of South America. 

Although biologically and chemically the border between the oceanic 
and the neritic provinces is not strictly definable, yet as we approach 
the coast the plant and animal life takes on characteristics not found 
in the typically oceanic province where “blue-sea” forms prevail. The 
chemical constituents of the sea water in the neritic province are more 
variable than in the oceanic. Salinities are usually lower, sometimes 
markedly, and undergo seasonal or sporadic fluctuations such that many 
of the inhabitants are more or less euryhaJine in nature — that is, able to 
endure wide ranges of salinity. River water may bring in nutrients 
and may also exert a stabilizing influence on the turbulent motion, being 
at times, therefore, instrumental in initiating plant growth in the upper 
layers (p. 789). Plant nutrients, nitrates, phosphorus, and so on are more 
readily available in the shallower inshore w’ater because of the greater 
possibility of return by vertical currents after they have been regenerated 
from the disintegrating organisms on the bottom or in the deeper water 
(chapter VII). This factor is of the utmost importance to production of 
diatoms, foremost of the primary food of the sea. Therefore, per unit 
area of the sea, the neritic province is far more productive than the 
oceanic province and is consequently the region of greatest importance to 
marine life in general. Here fish of greatest economic importance are 
taken, not only because of greater availability, but also because it is 
their natural habitat. 

Othkk Biotio Units. The above classification of the marine 
environments is based mainly on broad geographical, physical, chemical, 
and biological characteristics that circumscribe more or less clearly 
the separate zones. Within each of these extensive zones we observe 
many and varied sets of ecological conditions resulting from differences in 
substratum, proximity to shore, depth and chemical-physical condition of 
the water, and so forth. 

The primary “topographic” unit used in ecological classification 
of the environment is the biotope, or niche, which is defined as “an area of 
w'hich the principal habitat conditions and the living forms which are 



280 THE SE/k AS A MOlOGiCAL ENVIRONMENT 

adapted to them are unifOTm" (Hesse, Allee, and Schmidt, 1037). Since 
in any given type of biotope the habitat conditions make specific demands 
on tlto inhabitants, it follows that an analogous development oi the 
inhabitants is frequently refiected in the population, and those not fitted 
for the habitat are eliminated from it. Obviously, some organisms are 
not so narrowly bound to the biotope as are others of more specialised 
nature. Thus, within a biotope may be found some generalised forms 
such as certain cephalopoda and fishes that wander more or less freely 
from one type of biotope to another. The mol^ specialised a biotope 
becomes with respect to living conditions, the more uniform will the 
inhabitants become, so that only a few species with large numbers of 
individuals may exist. The smaller habitat anomalies found within 
the biotope are called facies. The number of organisms that can live 
in any given biotope may in special cases be determined by available 
suitable space, but more frequently it will depend upon the food supply 
that may be produced within the biotope or be carried to it from outside 
by currents. The community of forms in a biotope is called a biocoenoais. 

Biotopes having certain characteristics in common — for example, 
proximity to the coast or estuarine locality— arc united into larger 
divisions known as biochores. 

General Character of Populations of the Primary Biotic Divisions 

Under the previous headings yro have dealt with the classification 
of the marine environment. For purposes of future discussion it is desir- 
able at this point to outline briefly a broad, highly practical classification 
of the marine population inhabiting the above primary biotic divisions, 
a classification based not on natural phylogenetic or taxonomic relation- 
ships, as given on p. 282, but rather on an artificial basis, grouping 
heterogeneous assortments of organisms depending upon common habits 
of locomotion and mode of life and upon common ecological distribution. 

On these grounds the population of the sea may be divided into three 
large groups — ^namely, the benthos, nekton, and plankton, the first 
belonging to the benthic region and the other two to the pelagic region. 

In the benthos (Gr., deep or deep-sea) are included the sessile, creeping, 
and burrowing organisms found on the bottom of the sea. Bepresenta- 
tives of the group extend from the high-tide level down into the abyssal 
depths. The benthos comprises (1) sessile animals, such as the sponges, 
barnacles, mussels, oysters, crinoids, corals, hydroids, bryosoa, some 
of the worms, all of the seaweeds and eel grasses, and many of the diatoms, 
(2) creeping forms, such as crabs, lobsters, certain copepods, amphipods, 
and many other Crustacea, many protosoa, snails, and some bivalves 
and fishes, and (3) biurowing fonns, including most of the clams and 
worms, some Crustacea, and echinoderms. 
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The nekton (Gr., smmming) is composed of swimming found 

in the pelagic division. In group are included most of the adult 
squids, fishes, and whales — namely, all of the marine aniniftln tiaat are 
able to migrate freely over considerable distances. Obviously, there are 
no plants in this general group. 

In the plankton (Or., wanderer) is included aU of the floating or 
drifting life of the pelagic division of the sea. The organisms, both 
plant and animal, of this division are usually microscopic or relatively 
small ; they float more or less passively with the currents and are therefore 
at the mercy of prevailing water movements. Many of the anima-lH are 
able to make some progress in swimming, although their organs aS 
locomotion are relatively weak and ineffective. The plankton is divided 
into two mmn divisions, the phytoplankton and the zooplankton. The 
former comprises all of the floating plants, such as diatoms, dinoflagellates, 
coccolithophores, and sargassum weeds. In the zooplankton are included 

(1) myriads of animals that live permanently in a floating state, and 

(2) countless numbers of helpless larvae and eggs of the animal benthos 
and nekton. Since the plankton and nekton occupy the same biotic 
realm and are part of the same community, it is necessary always to 
remember that the distinction is one based primarily on relative size and 
speed of swimming, and does not signify a divergence of ecological 
relationship. 

Each of these three ecological groups will be more fully discussed in 
later chapters. 


Development of Life in the Sea 

Let us review briefly the observations that indicate the relative 
antiquity of the marine environment as a biological realm. It is not 
possible to know when life arose in the sea, but the close similarity of the 
chemical composition of body fluids and sea water has led to the sup- 
position that the sea was already saline at that early time and that, 
because of the intimacy of primitive organisms with the fluid environ- 
ment, the elements pres^at entered into the fxmdamental composition 
and mode of metabolism of the primitive organisms and are maintained 
in present-day forms with certain modifications in the proportions of the 
principal ions, especially magnesium (table 56). These interesting 
relationshipB have led to much speculation relative to the development of 
organisms and the chemical composition of primitive seas, but we cannot 
enter further upon that phase of the action of the environment. Pearse 
(1936) has given some reviews and listed literature pertaining to these 
questions and to the theory of migration of ani m als from sea to land. 

The part played by the sea in the distribution and maintenance of 
present-day life upon our globe is a vital one. The sea itsdf is abundantly 
populated, and no life could enst on land were it not for the perpetual 
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water cycle of evaporation, jnedpitation, and drainage between sea and 
land. Only in the sea would it be poanble to approach any degree of 
self^Bufficiency ae a biological realm, and historically the sea has acted a 
principal role in the development of animal life. 

That the sea is the original en'Wronment of animal life is strongly 
indicated by certain facts that point to the greater age of marine life 
as compared to terrestrial and fresh-water faunas to which it has seem- 
ingly given rise. Evidence pointing to a greater age of marine fauna 
over the terrestrial and fresh-water faunas is ntpinly along four lines: 
(1) general composition of present-day faunas, ' (2) similarity in the 
chemical composition of body fluids and sea water, (3) life histories, 
and (4) paleontological relationships. 

(1) The whole animal kingdom is divided into a number of primary 
divisions, each known as a phylum. Each phylum is composed of animals 
having certain fundamental morphological similarities not possessed by 
any animals of other phyla. Thus, a natural, as opposed to artificial, 
relationship is indicated. Each phylum is then divided into natural 
but more restricted groups known as classes, and these in turn are followed 
by other yet lower divisions in the following manner: 

Phylum 

Class 

Order 

Family 

Genus 

Species 

Species are formed of individuals, and the morphological features 
by which each species is characterized are less fundamental and presum- 
ably of more recent origin than those characterizing the genera. Simi- 
larly, the generic structures are less fundamental than those of families, 
and so on to the highest division, which is based on structures of great 
antiquity. 

A review of all the higher or major divisions — namely, the phyla 
and classes of animal life — reveals the striking preponderance of marine 
groups. All of the seventeen phyla (using the taxonomic ranking of H. S. 
Pratt, 1935, in Manual of Inoert^rcAe Animals) are represented in the 
sea, and most, if not all, are believed to have originated there. The 
following five are exclusively marine: Ctenophora, Eehinodermaia, 
Phoronidea, Brachiopoda, Chaetognatha. Some authors recognize fewer 
than seventeen phyla, but this has only the effect of increasing the pre- 
ponderance of purely marine classes. 

Of the forty-seven classes (where only subphyla were given under 
ifliyla, they are here rated as classes) of invertebrates as given by Pratt, 
twraty-one, or 43.7 per centf are exclunvdy marine, and only three, or 
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6.2 per cent, are exclumvely nonmarine. Of the subphylum Vertebrate, 
only members of the class Amphibia are nonmarine, wMle the other foxir 
classes share members in both marine and nonmarine environments. 
The fishes are predominantly marine, while the reptiles, birds, urd 
m a mmal s predominantly terrestrial. The amphibians represent 
the hiid^est nonmsrine group. 

These divisions demonstrate the astonishing variety of marine 
animals, as far as the major phylogenetic groups are concerned. How- 
ever, the terrestrial environment harbors the greatest number of ipeciet, 
mainly owing to the large number of species of one restricted group, 
the insects, which are almost totally absent from the sea. The presence 
in the sea of so many major groups, many of which are restricted to the 
sea, indicates the great tendency on the part of the marine environment 
to preserve the groups that have once become evolved. 

It should be noted also that, in addition to the remarkable diversity 
of marine life in the ocean, there is a conspicuous primitive element, 
as judged by simplicity of structure, in the groups represented. In 
the sea there is a more complete developmental series of a-nimAl life than 
exists anywhere else, because of which, and also because of the natural 
and intimate relationships of the organisms to the sea-water medium, the 
studies issuing from the marine biological laboratories have contributed 
vastly to information on biological problems dealing vdth development 
and maintenance of life. 

The relative uniformity of the marine environment has been instru- 
mental not only in preserving the diversity of forms but also in retaining 
a generally more primitive character as compared with terrestrial and 
fresh-water animals. It is true that in the sea we do find associated 
with the lower forms a number of highly developed animals that must be 
considered marine because of their dependence on the sea. These are 
the seals, whales, certain reptiles, fishes, and birds. All of these groups, 
however, have had a large part of their racial development in the terres- 
trial and fresh-water habitat. They have more recently reverted to the 
sea and have only secondarily become adapted to it. The teleost fishes, 
which are believed to have evolved to their present status in fresh water, 
were originally derived from marine stock. 

(2) The relation of body fluids to sea water has already been dis* 
cussed (p. 269). 

(3) A study of the life histories of invertebrates suggests the antiquity 
of marine life. During the early history of the individuals of some 
animal grouf^ the larval stages are markedly different in structure and 
habit from the mature phase. The larval stages, which sometimes 
resemble the mature stages of other groups or only the kuvae of other 
groups, are thought to reflect a structural similarity to ancestral stock. 
Whether or not this is a real recapitulation of racial history or only an 
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expression of individual larval adaptation to a common environment is 
important in seeking an understanding of the similarity. Whatever 
the truth may be, it is well known that most marine invertebrates pass 
through an early stage during which the larvae in no way structurally 
suggest their parentage, but may even have striking fundamental 
sinularity to existing larvae of other groups. From this it has been 
possible to establish types of larvae — for example, the trochophore of 
the Annelida and Mollusca, and the naupliua of the crustacean groups 
(fig. 80, p. 321). 

There is a tendency for some aggressive animal groups to desert 
the sea for fresh-water or land habitats. This is shown by the crusta- 
ceans, among wliich there are forms such as the crab, Enocheir, which 
enters fresh water at a young stage but when mature returns to the sea 
to spawn. 'I'he land crabs, Cardtsoma, (iecarcinus, and so forth, also 
go through a free-sw imming larval .stage in sea water. 

(4) It is well known that animal fossils occurring in the oldest known 
fussilifcrous rocks of the earth's crust are mainly marine forms. 

Marine animals were abundant and Became fossilized in the Cambrian 
period (500 million years ago), when certain portions of the land now 
above sea level formed a part of the sea bottom along the coasts of ancient 
seas. Several invertebrate phyla were already developed, and such 
forms as trilobites and brachiopods were particularly abundant. 

The chief roles of the marine and terrestrial environments in the 
development of life may be summarized by saying that the great part 
played by the former is chiefly in Hie development and'maintenance of a 
wide diversity of lower forms, while in the latter the influence of the more 
rigorous habitats has produced less diversity of form but a higher type 
of complexity. 

The area where these two great environments meet, the intertidal 
zone, IS in an intermediate position and subject to rapid and marked 
vicissitudes, and it is from hero that much of the migration to land is 
supposed to have taken place. 
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CHAPTER IX 


PopulaHons of the Sea 


PLANT GROUPS OF THE SEA 

In the sea, as on land, the plants are the real producers — that is, 
the organisms that are capable of elaborating complex organic substances 
from the simple inorganic compounds dissolved in the water. Without 
marine plants as synthesizers of primary food, development of marine 
animal life would be impossible beyond a negligible quantity that might 
be supported alongshore and in estuaries where particulate organic 
materia] of terrestrial origin would find its way into the sea. 

A notable feature of marine vegetation is its dearth of variety when 
compared to the multiplicity of forms characterizing the terrqptrial 
vegetation. Also, the types of plants most important in the production of 
primary food in the sea are in striking contrast to those constituting the 
chief synthesizers on land. This marked difference is readily explained, 
as we shall see, since it is dependent upon the radically different demands 
made on the plants by the marine environment. The poverty of plant 
variety in the sea is also in striking contrast to the abundant diversity of 
marine animal life. It may truly be said that the animal kingdom 
belongs mainly to the sea, while the terrestrial environment fosters the 
plants, although the most primitive of the plant groups, the algae, are 
wonderfully developed in the sea. 

Light is of prime importance to all photosynthetic plants, and the 
possibility for attachment to the substratum is of secondary importance. 
More will be said about this later, but we miist point out here that only 
in a very small portion of the sea are the two factors, light and. suitable 
substratum for attachment, at the same time operative. This small 
portion of the sea wherein there may be sufficient light penetration to 
support attached plants — that is, the eulittoral zone — constitutes about 
2 per cent of the sea floor. 

Anyone frequenting the seashore is familiar with the covering of brown 
rockweed, Ftieua, the green sea lettuce, Ulva, and a number of other 
lo'^-growing plants that carpet the rocks in the intertidal zone. These 
or yet other relatively low-growing or encrusting plants may extend to 
varying depth below low tide if a suitable substratum for attachment is 
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aviulable. Bottoms of mud or sand can furnish attachment only tdiere 
scattered larger rocks are exposed above the smaller shifting partides, 
since the algae do not possess true roots for anchorage in tiie soil. A 
few types of algae — ^for example, species of Cmderpa — are able to bind 
themselves to sand in such a manner that the many dender, long branches 
of the holdfast may enclose a ballast of sand. Shingle beaches may give 
anchorage to the plants only to the extent that individual rocks are not 
regularly shifted by the action of currents and waves. Many of the 
smaller algae are epiphytic, growing on other plants, or even episoic, 
growing on animals, but in general most of the attached forms may be 
considered lithophytic. 

The large kelps, such as Nereocystis, Pelagophycua, and Macrocystia, 
are found typically on rocky reefs some distance from the intertidal zone. 
Growth may occur on shoal reefs or rocks miles from shore, but the 
destructive mechanical effect of breaking waves and swells usually pre- 
vents any growth of these long-stiped forms in the immediate vicinity 
of exposed shores or rocks. Hence, the large kelps characteristically 
form in bands or patches some distance from shore where there is active 
circulation of water and yet where the danger of abrasion is reduced. 

It was pointed out that only a small per cent of the sea floor may be 
considered to have sufficient light to support attached plants. Although 
this area may have enough light, it is vastly reduced as a suitable area 
for attachment of larger plants because of the great coastal stretches of 
mud, sand, shingle, or other unfavorable features. Therefore the bulk 
of the material produced by the attached marine plants is relatively 
small and can support only a small portion of the animal life actually 
present throughout the vast marine habitat; nevertheless, in more 
restricted areas along the coasts, attached plants -for example, the eel 
grasses — ^may be the chief producers. As a result of this restricted 
production by the benthic, or attached, plants, the primary food produc- 
tion becomes mainly a function of the unattached floating plants, 
notably, the diatoms and dinoflagellates, which, though microscopic 
in size, occur in vast, incalculable numbers. 

Accordingly, our study of plant production must be concerned mainly 
with these floating forms. The means and adjtistments by which this 
extensive community of floating plants — that is, the phytoplankton — ^is 
maintained and is related to other forms of life will be dealt with in 
subsequent chapters. First, however, in order to have a more complete 
understanding of the whole biolo|dca>I “setup” of the sea, it will be neces- 
sary as a point of departure to make a brief review of the various groups 
that are important to the economy of the sea as a whole. 

The entire plant kingdom is divided into four primary divisions: 
the Thallophyta, Bryophyta, Pteridophyta, and Spermatophyta. Only 
the first and last of these are representet^ in the sea. 
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These primaxy divisions are each again divided and subdivided into 
many smaller secondary divisions which are indispensable to the specialist 
in marine botany, but for our purpose it will suffice to mention these 
smaller divisions only when they are imp9rtant to marine economy, or 
when they have obtained rather widesprted inclusion in more or less 
general literature dealing with the sea. 

Only an abridged classification can be given. For a more complete 
treatment of the systematica the reader can refer to numerous good 
texts on botany or to publications dealing specifically with the group 
in which he is interested. A few of these publications are included 
m the bibliography, and yet others can be traced from those works 
included. 

Thatlophyta 

Nearly all of the marine plants fall into this botanical division, which 
is made up of primitive plants in which the body shows little or no 
differentiation of vegetative organs — that is, no true root, stem, or leaf. 
Important among these thallus plants are the marine algae and the 
marine fungi, especially the bacteria. Since bacteria constitute the 
subject of a more specialised study of the sea, they will be dealt with 
under a special heading in chapter XVIII. 

blest algae are beautifully colored, and sometimes also iridescent. 
The pigments of the chromatophores intercept solar energy, which is 
used in the 83mthesis of organic compounds The type of pigment or 
pigment combination occurring in the algae as color manifestations has 
led to the names commonly used fbr the classes; 

Blue-green algae (M3ocophyceae) 

Green algae (Chlorophyceae) 

Brown algae (Phaeophyceae) 

Red algae (Rhodophyceae) 

Yellow-green algae (a heterogeneous group variously classified by 
different authors) 

In general, the colors are characteristic of the classes, but other 
characteristics associated with cell structure and life history are more 
fundamental in distinguishing the five groups. Each group has a 
considerable variation in general morphology, some features of which 
will be pointed out in a review of the classes. The first four, with the 
exception of some blue-greens, are attached plants, while the yellow- 
greens are characteristically floating, or planktonic, forms. 

Blue-Green Algae (Myxophyceae) 

This class contains only small, poorly organized plants, some con- 
sisting of only a tangle cell, while others are multicellular. The blue 
color of these plants is due to a watw-soluble accessory pigment, phyco- 
cyanin. In certain inland waters, it has been reported tiiat upon the 
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drath of large loassee of a blue*green alga (^nabaena), the water^oluble 
pigmrat may impart a deep-blue color to the waters. The Red Sea 
owes its name to a free-floating form, Trichodesmiutn erytkraeum (fig. 68a), 
which has a red accessory pigment and is responsible for the red c<dor 
sometimes observed in the surface waters. Thus, “blue-green alg^” 



Fig 68 ( 'haracteristic types of rnulticellular marine 

algae a, Tnchodezmium, b, Fucus; Alaria; d, Ulm; e, 

Ectocarpus: f, Sargassum; Rhodymenta; h, Polystpkonia, i, 

Sqftoaiphon jj Ltihothammon, 

may be red. The cell walls of plants of this group consist usually of 
ohitin, instead of the cellulose so characteristic of other plants; therefore, 
in a small measure, they supplement the enormous quantities of chitin 
produced in the sea, especiidly by the Crustacea. Some Myxophyceae 
are endophytic; that is, they live within the bodies of other plants in an 
association known as oyntbiosia. A marine species, Rtehelia intracMlarit, 
may be found within the cells of the 4iatom Rhizoaolenia. 
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Mvthodb of Rsfbodoction. Reproduction in this group is by 
aseiual fission. This, the most simple method of propagation, consists of 
single individuals dividing to form two of lesser sise, which in turn again 
divide after growth. In instances involving blue-green algae that form 
chains of cells, the chains divide into smaller sections known as hormo- 
gonia. Fission of the cells in the hormogonia again increases the length 
of the filaments. 

Distribution. The Myxophyceae are of less general importance in 
the oceans than are the following algal groups. They are widely dis- 
tributed in fresh and brackish water. In the sea they are most often 
found in the warmer waters, where they may cause the phenomenon of 
sliming. A brackish-water form, Nodularia spumigena, native to calm 
fjords of the north, may at times cause extensive sliming of the waters. 
In the Gulf of Bothnia, sliming due to this or similar forms may assume 
considerable proportions. 

Green Algae (Chiorophyceae) 

As the name indicates, the algae of this class arc green in color. 
The pigments of the chloropla.sts include the two types of chlorophyll, a 
and 6, and the various carotinoids. The yellow and orange of the latter 
pigments are masked by the abundance of the green chlorophyll. In 
contrast to the chitinous cell wall of the blue-greens, these plants produce 
walls that are largely cellulose —a carbohydrate as opposed to the 
nitrogenous product, chitin. Some green algae of the sea — for example, 
Halimeda of the Siphonales — become incrusted with calcium carbonate, 
and thus may contribute materially in some places to the formation of 
lime deposits in warmer .seas. The joints of the plant remain uncalcified, 
and thus allow flexibility in the moving water. 

There is great diversity in the morphological features of this class. 
Common forms are filamentous with septa {Urospora) or without septa 
(Codium), tubular (Enteromorpha), and sheet -like {Uba, or .sea lettuce) 
(fig. e8d). 

Methods of Reproduction. Common methods of reproduction 
may be illustrated by the habit of the cosmopolitan Ulva. In sexual 
reproduction the contents of any of the ordinary cells of the flat two- 
layered plant may form biciliated bodies called gametes which, upon 
escaping into the water, unite in pairs and by cellular division grow to 
form the new plant, known as the sporophyte, but usually passsing first 
through a filamentous stage. Reproduction may also be asexual, in 
which case any of the common cells of the sporophyte plant may form 
microscopic quadriciliate zoospores (spores are simple reproductive 
cells which differ from seeds mainly in that they do not contain any 
ready-made embryo plant). These zoospores, upon being discharged, 
grow directly into gametophytes, the plants that produce the gametes. 
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This process is known as aUemation of gewroHons, and associated with 
it are important cjrtological changes. In the case of Ul»a, however, the 
macroscopic features (the sporophyte and gametophyte plants) are 
indistinguishable — ^that is, they are isomorphic or homologous. Asexual 
reproduction may also occur by fragmentation, thus forming unattached 
plants. 

During the period of reproduction, large swarms of gametes and 
zoospores may be released, leaving the parent plant colorless and forming 
a green “bloom” on the waters of quiet bays. For many filter-feeding 
animals, the floating microscopic reproductive products of these and 
other algae form a source of food that must not be overlooked in a study 
of food of littoral animals. In bays, also, these swimming stages of algae, 
as well as algal slime, contribute to primary film formation that leads to 
an eventual fouling growth on ships and other submerged structures. 

Distribution of Green Algae in the Sea. The green algae are 
found mainly in the upper littoral zone, especially in the lower half of the 
tidal zone, and in the immediate subtidal region down to a depth of 
10m or more, and therefore in a relatively well-lighted habitat. It is 
with the green algae that the fresh-water algae are most closely related. 

In geographic distribution, green algae are found mo-st abundantly in 
the warmer seas. Algologists have remarked on the relative scarcitj’ and 
dwarfed development of the ('’hiorophyceac in the Arctic Sea. 

Drown Algae (Phaeophyceae) 

Brown algae belong almost entirely to the sea, only a very few occur- 
ring in fre.sh water. Here are included the conspicuous brown seaweeds, 
many of which grow to notably large size. The pigments of this cla.ss 
include green chlorophyll, which is masked by the yellow and brown 
pigments, xanthophyll, carotin, and fucoxanthin. 

Plants of this class of algae form the conspicuous offshore growths 
popularly known as “kelp beds.” They are the giants among the sea- 
weeds, and form the marine forests among w'hose waving stipes and 
fronds myriads of neritic fish obtain their food and seek shelter from their 
aquatic enemies. These, also, are the kelps commonly harvested in 
many places for the commercial products they yield. 

The brown algae possess a great range of size and structure. There 
are minute, delicate, filamentous branching plants {Ectocarpus, fig. 68e) ; 
coarse, hollow, sausage-like chains a foot or more in length (Scytosiphon, 
fig. 68i); short-stalked forms with broad thalli {Laminaria, Costaria, 
and Alaria, fig. 68c, some of which become nearly 2 m broad); many 
branched forms (Ftictu, Egregia); and long-stalked giants of the Pacific 
with long leathery fronds (Macrocystis, Nereocyalis, Pelagophycua). 

In structure the brown algae are the most advanced of all thallo- 
phytes. If we refer only to the more superficial details, Nereocyatia 
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ffig. 6d) will serve to illustrate the essential features of the larger typical 
brown seaweeds and to give a basis for interpretation of structural 
features of other groups as well. 

Nereocyttit may attain a length of 35 m or more. The pltmt is 
anchored to a hard substratum by means of a profusely branched struc- 
ture known as the holdfast, bat there are no true roots. From the hold- 
fast extends the long cylindrical stipe, which is hollow through most of its 
length and ends distally in a large hollow bulb. This bulb, like the stipe, 
is filled with gas, giving buoyancy to the plant. Bibbon-like fronds or 
laminae issue from the distal end of the bulb. 



Fig. 69. The gross strpycture and life cycle of A’^ere- 
ocystta. Cj sporophytc plant; b, swimming zoospores: c, 
male and d, female gametophyte plants; e, young 
sporophyte. 

The hollow bulb and stipe maintain the upper portion of the plant 
near the surface, exposing the fronds to favorable light conditions. In 
common with other large algae, the parts are tough, flexible, and slippery 
in order to withstand with least resistance the effect of frequently violent 
storm waves and strong currents. 

Methods of Repboduction. The life cycle of the brown algae 
includes various types of alternation of generations. Commonly, in the 
Laminariales, which includes the large kelps, there is an alternation of 
generations that may be illustrated by the cycle shown in Nereocystis 
(fig. 69). Here the large, conspicuous sporophyte plant produces a 
series of sori, or “fruiting areas,” appearing as dark brown patches 
running longitudinally along the whole length of the fronds. Beginning 
at the distal end of the frond, these patches are detached at maturity, 
leaving a broad gap (3 to 10 cm) in the frond. From the mature sori, 
innumerable ciliated zoospores escape and, upon reaching a suitable 
substratum, grow to small filamentous plants, the inconspicuous 
gametophyte stage. Thus the alternation of generations in this form is 
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heteromorphic. A few brown algae — ^for example, Dklyotates-^show 
isonunphic alternation of generations, as discussed fcnr the green alga {72m. 
It is of significance to note that a conservation of xoospores may pmhaps 
be effected in Nereocystia by the habit of shedding the complete, mature 
sorus, which, upon sinking to the bottom of the kelp bed, is more likdy 
to find a favorable substratum. Thus, the xoospores when released are 
concentrated at or near the bottom, rather than widely dispersed by the 
currents as would have been the case if they had been released from the 
sporangia of the sori at the surface of the water. According to Hartge 
(1928) the xoospores germinate in twenty>four hours. The resulting 
gametophyte plants are either male or female, and, upon fertilixation of 
the egg, growth of the sporophyte is initiated. 

In the brown algal group, Fucales, to which Fwtts and Sargaasum 
(fig. 68f) belong, the main plant is a sporophyte, but, within the thousands 
of tiny cup-like conceptacles forming the bladders, gametes are formed 
like spores. These unite after being discharged free in the water. Thus 
the alternation of generations is evident only cytolc^cally. In con- 
nection with the "spawning" of Fucua, it is interesting to note that it is 
rhythmic with the tide, taking place after a period of exposure at low tide. 

Distribution. The brown algae reach their maximum development 
in cooler waters, and are therefore typical of the rocky coast of higher 
latitudes. Sargaaaum and others of the Fucales are characteristic, 
however, of tropical or subtropical regions. Tilden (1935) is of the 
opinion that the Laminariales arose in the North Pacific, while the 
Fucales had tbdr ori^n in the South Pacific. Several species or varieties 
of Sargaaaum, or "gulfweed," are found in large quantities in the Sargasso 
Sea, whence they have drifted and multiplied after being tom loose from 
coastal areas. They are kept afloat by air bladders and grow vegeta- 
tively, propagating by fragmentation, but apparently do not form fruiting 
bodies. The drifting masses form a characteristic environment with 
associations including other algal and animal torms of littoral type. 

The vertical distribution of brown algae shows many low-growing 
forms, especially the Fucales, in the rocky intertidal xone. Near the 
lowest tide level the medium-sized forms with leathery fronds and short 
limber stipes begin to prevail, and they increase markedly in the next 
15 to 20 m of depth, finally diminishing and disappearing below the 
eulittoral xone. 

Interminfded with these short-stiped algae are the giant long-stiped 
kdps that usually grow most abundantly some distance from the shore 
and extend to depths of 30 m or more. MacroeyaHa, one of the giant 
kelps of the Pacific, is said to reach to the surface from a depth of 80 m 
off the coast of Chile (Hesse, Allee, and Schmidt, 1937), but in the North 
Pacific it has its most abundant growth in wator of about 15 m. Kelps 
of this genus are siud to be absent froip strictly tropical waters and, as a 
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group, may be found in waters with temperatures from —2'’ to nearly 
25°C. A few species range through all of the degrees of temperature, 
but most kelps are confined to narrower limits (Setchell, 1912). 

Mention should also be made of epiphytic forms such as the fila- 
mentous Ectocarpus (fig. 68e), which prefers to be attached to other 
algae growing at various depths. 

Red Algae (Rhodophyceae) 

Nearly all of the red algae are marine. From the standpoint of 
color, they are the most striking of all the mar^e algae, some of them 
being also highly iridescent. Many of the delicate forms are among the 
most beautiful macroscopic objects of the sea. The order Gelidiaceae 
ranks first in importance commercially since certain of its members form 
the main source of agar. 

The pigments of the chromatophores include the usual chlorophylls 
together with xanthophyll, carotin, and, in addition, the red phyco- 
erythrin and sometimes phycocyanin. The plants may appear red, 
purple, violet, or, to some degree, brown or green. The deeper-growing 
species are the more purely red, a fact which is perhaps associated with 
their ability to synthesize more efficiently in the subd\xed light of greater 
depths than are the shallow- water types (Gail, 1922). ^ 

Though usually small m size, the red algae show a diversity of form 
much greater than the brown, and they are also more numerous. All 
are multicellular, the 8imple.st being filamentous branching forms 
Like Polysiphonia (fig. 68h), wht<di, together with other filamentous 
algae, are commonly called “sea moss.” The larger flat types may be 
illustrated by Rhodymenia (fig. 68g), in which the broad frond may 
attain a considerable length. However, the maximum length of the 
larger red algae is only about 1 to 2 m. 

Methods of Reproduction. The life cycle of some species is very 
complicated and cannot be amply discussed here. The reader is referred 
to the works of Kylin and other texts for a more complete treatment. 
In the higher types there is a regular morphological alternation of 
generations in which the sporophyte and gametophyte may superficially 
appear similar. Polysiphonia is commonly used to illustrate the life 
cycle of red algae. Here three types of plants are produced — namely, 
a male and a female gametophyte and an asexual tetrasporic plant. The 
last arises from the carpospores, which occur on the female plant. The 
carpospores are the products of union of male and female gametes. 
Upon germination, the tetraspores of the asexual plant give rise, in turn, 
to the sexual plants. 

One of the most remarkable features of reproduction in red algae 
however, is the complete absence of any ciliated or flagellated swimming 
spores or gametes. This feature is a notable departure from the rule 
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fcdlowed in reproduction of organisms ooeuning in a water medium. 
It makes the dispanal and ultimate cmitaet of reproductive c^ depend- 
ent upon currents and hence wholly a matter of chance. 

Distribution. The Rhodophyceae are widely distributed geographi- 
cally, but are most abundant in temperate seas. Their vertical dis- 
tribution indicates that they prefer to grow in subdued ludrt. A few 
species may be found in the intertidal sone, but the most luxuriant growth 
is subtidal. They may occur in abundance in depths less favorable to 
most of the green and the brown algae, and in the Mediterranean they 
have been reported from depths of 130 m. Thus, from shallow to deep 
water the general vertical distribution of the algal groups discussed is 
successively the green, the brown, and the red, with a wide degree of 
overlapping. 

It should be mentioned here that certain red algae (the Nullipores) 
play an important role in calcium carbonate precipitation in the sea. 
They have contributed, and still do contribute, greatly to geological 
formations. Among these are, especially, the coralline algae, of which 
LMothamnion (fig. 68j) is a typical example They are distributed from 
lat. 73*’5' S to 79^66' N (Tilden, 1935) and can be observed as copious 
encrustations on rocks and shells in the littoral sone of every exposed 
shore. 

Yeliow-Green Algae 

There is considerable disagreement as to the proper grouping and 
status of divisions within this heterogeneous assemblage of organisms, 
some of which, as indicated below, are animal in nature. As a matter of 
convenience in discussing the more important marine members, we shall 
here employ only names of more or less familiar usage in biology and 
oceanography. Many of the members included are classified as animals 
in zoological texts, but in consideration of their holophytic nature 
(faculties of photosynthesis) it is most convenient for oceanographic 
studies to iliclude them a priori among the producers. For more detailed 
treatment of the systematics of the various divisions, the reader is 
referred to Fritsch (1935) and the relevant works included in the dis- 
cussions under the separate groups. 

In contrast to the algae previously discussed, the members of this 
assemblage of plants and plantlike animals are primarily floating forms 
and will be taken up in the order of their importance in the economy of 
the sea. 

Diatoms. The plants here included are all microscopic in size, the 
larger species viewed individually appearing only as tiny pmnts. Some 
eariier authors of marine botany included them with the brown algae. A 
comprehensive treatment of the group is (pvmi by Hustedt (1930). In 
structure thay are unicellular, but individuals may form chmns or groups 
of various types. Examples of types representing the oommon genera a<e 
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given in fig. 70. A characteristic feature of diatoms is the diell, or 
frustale, vdiieh is composed of trandUcent silica, and the variety of form 
and sculpturing shown by striae, points, and pits is truly remarirable. 



Fig. 70. Characteristic types of diatoms, a, Cordhron; b, NUztdua 
dosterium; c, PlanktonieUa; d, NitzBchia aeriata; 6, Coactnodiacua; /, 
Fragtlaria; g, Chaetoccroa; A, Thalaaaioaira; t, AaterioneUa; jy Biddul- 
phia; ky Ditylumy /, Thalofisiothrix; m, Navicula; n^Oy Rhizoaolenta aemi’^ 
aptna, summer and winter forms. 

These shells are of considerable importance in siliceous sediments and 
have formed great fossil deporats known as diatomaceous earth. 

Since these plants as a group may be con^dered the most impoitant 
in the economy of the sea, it is imperative that we treat them in con- 
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siderable detail in order to faeilitate uinlerstanding of their mode of 
maintenance, numerical fluctuations, and requirements in the sot AS 
set forth in the following chapters, in which organisms are considered 
in the light of ecological factors. 

The shell structure of diatoms (fig. 71) may be likened to a box 
with a telescoping lid, because it consists of two nearly equal halves 
fitted one over the other. 

The pieces corresponding to 
the top and bottom of the box 
are known as the valves, and 
these are each joined by conr 
necting bands that overlap and 
together form the girdle. 

The larger half of the shell is 
known as the epiiheca, and the smaller half, which fits into it, as the 
hypotheca. The protoplasm lies wholly within the shell, but for exchange 
of metabolic products it is exposed by a slit (raphae) in the valve of 
some types and by small pores in others. 



cell- well 



Fig. 71. The gross structure of a simple 
diatom (Coscinoducus), a, valvular view; b, 
girdle-view section of cell wall. 



Fig. 72. Tleproduction in diatoms. a,b, cell division; c, dimi- 
nution of size resulting from cell division in three generations. 

Diatoms may possess only one or many chromatophores, which may 
vaiy in color from yellow to olive-green or brown. Authorities are in 
poor agreement as to the nature of the pigments present, but there is 
some indication that the common pigments are masked by the accessory 
brown pigment diatomin, which may be identical with fucoxanthin of 
the brown algae. An important product of assimilation is an oil that is 
frequ^tly visible as droplets within the diatom. 

Mkthods or Rbfboduction. The most common method of propaga- 
tion among the diatoms is by rimple cdl division (fig. 72a), This 
method has a far-reaching effect on the population in. two distinct ways. 
First, it is conducive to a rapid production of enormous numbers whmi 
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eonditibos £<»’ growth are favorable (p. 767). Second, the maximum 
aixe attainable by individuals in a portion of the population is constantly 
being reduced by each succesmve division. This reduction follows from 
the fMt that as a result of division of the protoplast (living portion of the 
diatom) one of the new daughter cells retains the larger of the valves 
(ejntheca), whereas the other daughter retains the smaller valve (hypo- 
theca). During the process of division, new complementary valves 
are laid down, but in such a manner that they fit into the old valves of 
the parent; that is, they become hypothecae,Sfmd the hypotheca of the 
parent diatom must now be looked upon as the epitheca of the smaller 
of the two daughter diatoms formed. Thus, through many successive 



Fig. 73. Reproduction in diatoms, a, auxospore 
fonnation in Thalaarionra aestivalit (after Gran and 
Angst); b, increase in cell size following auxospore for- 
mation in Melotira numfnidoide* (after Fritsch); c,. resting 
spores in mother cells, Chaeloeeroa vanhwekii; d, resting 
spore of Chaetocerot dialema; e, resting spore of Cheuio- 
cerot radioatu; f, microspores in Ditylum; g, microspores 
in ChattoceroB didymut (after Gran and Angst). 

generations of uninterrupted cell division a marked reduction in width 
must occur in many individuals. Tliis change is schematically illustrated 
for three generations in fig. 72b. It appears that this diminution of size 
can go on only to a certain point, when a return to maximum size must 
be accomplished by the formation of auxospores (fig. 73a). If auxospores 
are not formed at a certain minimum size, the decrease in size continues, 
with ultimate abnormalities and death. In auxospore formation the 
contents of the diminutive, rigid, siliceous shell escape from the parted 
vidves incloBed in a distensible pectin membrane. It is then possible 
for them to grow to larger size with the formation of new fuU-nzed 
valves. A number of variations occur in the method of auxospore 
formation, dependent upon the group. For example, several auxospores 
may result, and these may fuse with yet others. In general, however, 
some type of rejuvenation seems to take place. Auxospore formation 
has been shown in various species, but in nature the spores are found 
only in snudl numbers. 
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Diatoms may also produce what are known as mierotpcret 73b). 
These wm» early observed by Murray, Oran, and others. They consist 
of small protoidasmic spheres occupying the shell, and may escape as 
biciliated spores. The significance of these bodies is not fully known. 

Resting spores of characteristic structure (fig. 73c) are idso formed 
in most pelagic neritic species, especially of the centric types, by the 
cell contents becoming condensed and surrounded by a heavy, siliceous 
wall. They may be produced at the initial appearance of unfavorable 
living conditions, and may drift for some time within the old frustule 
or sink to the bottom to survive the unfavorable seasons of inadequate 
nutrients, cold, or of varying salinity so characteristic of many coastal 
areas. Gran (1912) has reported them from Arctic collections in which 
they were enclosed in ice. 

Winter and summer forms of oceanic diatom species have been 
reported. These are cases of marked dimorphism in which the coarse 
winter forms have been looked upon as a means of survival from one 
favorable season to another. However, the dimorphism may be only 
an adjustment to changes of viscosity inherent with seasonal temperature 
changes. 

Many diatoms grow normally on the bottom in the littoral zone, 
where they may or may not be attached by stalks or glide freely over the 
bottom. These benthic forms produce the heavily shelled types with 
most exquisite designs. Diatoms may also grow in profusion on other 
plants and animals. The littoral genus Licmophora frequently occurs 
on pelagic copepods, and the massed growth of Cocconeis ceticola flourish* 
ing on the skin of whales that have spent considerable time in the cold 
antarctic waters has, by its 3 ’ellow color, given rise to the name "sulphur* 
bottom” for the blue whale. 

Dinoflaoellata. These are frequently spoken of collectively as the 
dinofiagellates (fig. 74). Space will not permit the amount of discussion 
that this diverse group of organisms requires for adequate treatment 
(see Kofoid and Swezy, 1921, Kofoid and Skogsberg, 1928, Fritsch, 
1935). It is a group concerning which it is not easy to make generaliza* 
tions without the danger of introducing errors. The members are of 
great importance in the economy of the sea. A large number are holo- 
phytic and rank second to the diatoms as producers in the marine plank* 
ton. They are therefore best studied wil^ the phytoplankton. Others 
are holozoic or animal-like in nutrirional requirements, ingesting particu- 
late food and possessing other characteristics that place them clearly 
witk the animals. Some are saprophytic, living upon dead organic 
matter. All are important as food to filter* and detritus-feeding animals. 

Typically, the dinoflageUates are unicellular, some being armored 
with plates of cellulose, others unarmored or naked. All possess two 
fiagdla for locomotion, an important feature in the holophytic formi^ for 
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they can thtu, perhaps, adjust themselves in some degree to water 
strata most favorable with respect to light and dissolved plant nutrients. 
Many dinoflagellates are luminescent, being responsible for much of the 
brilliant luminescent display so characteristic of the sea. 



Omofldgeiidtes 



Fig. 74, Dinoflagellates and other phytoplankton 
organisms, o, Ceraiiurn tripos; 6, Dinophysis; c, Omitho- 
cereus; TriposoUnia^ front and side views;/, Peridinium; 
g, Ampktsolenia; h, Gonyaulax; i, Ceratium fustu. 

Methods of Reproductiom. Among the dinoflagdlates, reproduc* 
tion is accomplished mainly by processes of cell division, which in some 
instances result in a chain of individuals clinging loosely together. 
Temporary structural variations may normally occur in individual cells 
at opposite ends of the chain. The progressive size reduction that is 
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characteristic of one daughter cell resulting from simple division in the 
diatoms does not occur after these diviinons, 

Dinoflagellates are found in all seas, but the greatest development of 
species is met with in the warmer waters, where a number of very bisarre 
forms are to be found. Owing to the destructibility of their cellulose 
plates by bacteria and other agencies, they are not preserved in bottom 
deposits. Important genera are Ceratium, Peridinium^ Dtnophysis, 
Gonyaulax. 

Phaeocystis. Phaeocystis is a brown, flagellated plant, neritic 
in habit, that forms colonies in gelatinous, lobed globules visible to the 
naked eye. The large numbers produced may at times render the surface 
water quite brown and become a serious cause of clogging in silk plankton 
nets. Reproduction is accomplished by formation of flagellated spores 
that escape from the colonies. 

CoccoLiTHOPHORiDAE. Among the smallest (6 to 20 microns) of 
autotropic organisms of the sea are the biflagellated (some marine forms 
are not flagellated) forms of this group (fig. 74). Usually they are not 
caught by the ordinary net, through the meshes of which they readily 
escape, and when caught special care must be taken that their calcareous 
protecting armor is not dissolved by the preservative, leaving only an 
indefinable mass. The soft parts are shielded by tiny calcified circular 
plates or shields of various design and projections called coccohihs, or 
rhabdoliihs. These shields had been found in enormous numbers in 
marine bottom deposits before the organisms of which they are a part 
were discovered by the Challenger and identified from their living habitat 
in the plankton, where they were found entangled in protoplasmic strands 
of pelagic protozoa or in the stomachs of salps and pteropods. Typically, 
the coccolithophoridae belong to the open sea, but they may occasionally 
reproduce in large numbers in coastal waters; at one time, according to 
Gran (1912) numbers of 5 to 6 million per liter gave the waters of Oslo 
Fjord a milky appearance. Some also occur in fresh water. 

Though minute in size, they are of great importance as food to 
filter-feeding organisms, and also as contributors to calcareous bottom 
sediments. They occur in geological formations dating from the Cam- 
brian period. Common genera among these organisms are CoccolithuSf 
Pontaspkaeraf and Rhabdoaphaera. 

Halosphaera. Haloaphaera is a unicellular, microscopic plant of the 
order Heterococcales (fig. 74). Earlier authors have included it with the 
green algae. It occurs at times in vast numbers in the plankton, floating 
mostly near the surface. Haloaphaera viridea occurs over the whole 
Atlantic and is abundant both in the warmer waters of the Gulf Stream 
system and in high southerly latitudes, where the Diacovery investigations 
in the Antarctic found it second in importance to the diatoms. Mer- 
ingoaphoera of this order also occurs in marine plankton. 
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According to Qmn, Hahtphaera is praotictdly the only open-cea 
form in which the predoxninantly green color of land plants is to be 
found. Notwithstanding the vast numbers that are often found, it does 
not reproduce by the quick method of simple binary fission, as in diatoms, 
but, after having grown for some time to its maximum size, the cell 
contents are transformed into a large number of zoospores. These 
swimming spores escape and through some unknown method are trans- 
formed back into tiny globular forms that gradually increase to normal 
size by successively shedding their weakly silicified investing membranes. 
Resting spores may also be produced. 

S1LICOFLA.QBLLATES. These flagellate or ganisms (fig. 74) deserve 
mention only briefly, since they do not usually occur in sufficiently 
large numbers to enter materially into the economy of the sea. However, 
they are such persistent members of plankton communities from nearly 
all colder seas that their starlike, open, siliceous shells attract a good 
deal of interest. Many occur in bottom sediments, and their develop- 
ment is shown in fossil marine depo.sits. That they contribute at least 



in a small way to the food of animals is shown by 
their frequent occurrence in food vacuoles of 
tintinnids. 

The Higher Plants in the Sea 

The two intermediate phyla of the plant 
kingdom- -namely, the mosses (Bryoph>'ta) and 
the ferns (Pteridophyta) — are wanting in the sea. 
However, the highest of plants, the Spermato- 
phyta, are represented by about thirty species of 
Angiosperms, or flowering plants. These belong 


Fig. 75 The eel grass 
Zottera, to show leaves, 
rhizome, and true roots. 


to three genera of the Hydrocharitaccae and six 
genera of the Potamogetonaceae (Arbor, 1920). 
They have not originated in the sea, but have 


invaded and colonized it by way of fresh water. Their closest affinities 


are with widespread fresh-water an^osperms belonging to the same 


families. 


Of outstanding importance among the marine angiosperms is the 
eel grass, Zostera (fig. 75). Botanically, the plant is not a grass despite 
the long, slender, and flexible grasdike leaves, which are thus adapted to 
withstand the force of moving water. Unlike the benthic algae, Zostera 
and its relatives possess true roots that are attached to an underground 
stem, or rhizome, forming an anchor in the soft substratum. There 
are fertile and sterile plants, and, since the plants grow submerged, mostly 
in depths of 4 or 5 m but also to a depth of 14 m (Petersen, 1918), the 
flowers are pollinated under water throu^ the agency of currents. 
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The threadlike poQen graias have a denmty near that of water, and are 
therefore readily carried about. The plants are also perennial, the 
rhizomes growing longer and giving rise to new sets of leaves and roots. 
ZoBtera manna has a wide distribution, occurring on the coasts of Europe, 
North America, Asia Minor, and eastern Asia. It grows best in coastal 
areas that are protected from violent wave action. Phyttoapadix, a 
related genus, is confined to the open, wave-washed shores of the west 
coast of North America. Other genera and species are found in many 
parts of the world. In some extensive shallow-water areas — ^for instance, 
in the fjords of Denmark — Zoatera is considered to be the main source of 
detrital food for marine animals. 

THE ANIMAL POPULATION OF THE SEA 

Many different species of distinct animal groups live intermingled 
in the same faunal area. Some may have identical habits and require- 
ments, but for the most part the separate species or higher ranks have 
characteristic limitations, and each has its own function in conditioning 
the whole complex organic environment, thus influencing the type of 
species forming the association. This will become increasingly clear in 
considering the interrelations of the organisms (chapter XYIII). 

For an adequate undersvanding of the intricacies of the fauna, 
it becomes necessary, therefore, to understand the part played by 
the separate species or groups of species, and, in order to circumscribe 
and to interpret the geographic and bathsrmetric distribution of species, 
their exact identity must be established. Systematic biologj' — ^that 
is, taxonomy — provides the tools for these purposes and is therefore 
an indispensable aid toward the desired goal. The field of study is 
so overwhelmingly large, however, that the many species comprising 
the primary groups must be investigated in special studies and the 
results of many different specialists must be integrated to provide 
a picture of the fauna as a whole. Much still remains to bo done in 
this field, for many sections of the oceans have been only superficially 
investigated. 

A full descriptive treatment of the animals of the sea would require 
several volumes, but it will suffice for our purpose to list or succinctly to 
review the primary divisions, including only a few of the secondary 
divisions that in the development of the study of marine biology and 
oceanography have assumed more or less importance and that are illus- 
trative of the general fidd. 

In the following synopsis, where the number of species is recorded 
for any group, the figures have been obtained mainly from Pratt (1935J 
and Hyman (1940). Illustrations are found mainly in chapter XVII. 
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Syaopth of fho AAero Important Syttwnotic Groups of AAorin* Animals 
A. ImnCBTXBSATSS 
PHTLim PBOTOZOA 

Protoloa are w|^e-odled organisms microscopic or minute in sise. 
The sea bottom harbors many creeping and attached protosoa of the 
ameboid or ciliate types, but we shall be concerned mainly with the 
pelagic forms inhabiting the plankton. 

CiABS Mastioophora 

Order DinoflageUata. In the broadest sense, this group con- 
tains both animals and plants, it bang a borderline group. 

Foremost among the protozoa in the economy of the sea 
are the dinoflagellates, chiefly because of the capacity of 
many types to carry on photosynthesis. These holophytic 
members are considered more fully in the discussion on 
plants, and for oceanographic studies are properly included 
in the phytoplankton. It will suffice to mention here only 
NoctUuea (fig. 225g) as an important representative the 
holozoic members, none of which have chromatophores. 
The soft spherical body of NoctUuca is pale pink in color 
and bears a conspicuous flexible tentacle. The maximum 
size is only about 1.5 mm, but, when reproducing in pro- 
funon by simple cell division, the countless numbers pro- 
duced may, by their accumulation, impart a pinkish-red 
color to considerable areas of surface coastal water, and the 
masses may be blown into conspicuous windrows or patches 
resembling “tomato soup." NoctUuca are voracious feeders, 
engulfing particulate food such as diatoms and other small 
organisms. This form is also important as a contributor 
to the luminescence of the sea. 

Class Babcodina 

Order Foraminifera. The ocean<^sphic interest of this 
order (and also, to some extent, of the foUowing order) 
lies in the skeletal structures produced by its members. In 
the foraminifera the shells are variously formed, with one or 
more chambers arranged in a straight line or in a spiral 
(fig. 225a). Some are provided with many pores for the 
projection of protoplasmic pseudopodia used in capturing 
food. The shells are constructed typically of calcium 
carbonate, but 'Silica and chitin are also used, and in some 
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benthic arenaceous forms they consist of im agglomeration 
of fordgn materials cemented together. The greatest 
numbers of individuals are planktonic in life, but upon 
sinking to the bottom the shells form an important con> 
stituent of globigerina oose, named for the abundant 
pelagic genus Globigerina (p. 816). Fossil foranuniferal 
shells are much used in the study of geological strata, bmng 
indices of past geological conditions, and are useful in the 
field of oil geology. A few foraminifera occur in fresh water, 
but the vast majority occur in the sea, either living on the 
bottom even at depths of 6000 m or floating freely in the 
water, preferring the warmer seas. There are over 1200 
species, of which about 26 are pelagic. A recent catalogue 
of foraminifera (Ellis and Messina, 1940) includes some 
18,000 living and extinct species. 

Order Radiolaria. These are planktonic organisms whose 
skeletons are composed mainly of silica, but the Acantharia 
contain acanthin (strontium sulphate), and all types possess 
an inner capsule of chitin. The siliceous skdetons are 
formed in the most intricate and widely divergent patterns 
in the different species and are the most beautiful of all 
obje<'ts found in the sea (fig. 225e,f). Upon sinking and 
mingling vdth the bottom sediments, the skeletons become 
the type constituents of the siliceous radiolarian ooses 
found most abundantly covering the ocean floor in the deep 
tropical waters of the Pacific Ocean (fig. 253). There are 
about 4400 species, all marine. 

Class Ciliata 

Suborder Tintinnoinea. These protosoans, commonly called 
tintinnids, are mostly of extremely small sise, varying 
from 20 n for Tintinnopsis nana to 640 p for Cymatocylie 
robusta. Swimming is accomplished by the beating of a 
whorl of hairlike cUia at the anterior end. Their loricae, 
or shells, range in shape from tubular to umnshaped 
structures that are secreted in a stereotyped fashion by the 
animal and may or may not include agglomerated foreign 
material such as bits of sand, diatom shells, and coccoliths 
(fig. 225c, d). The tintinnids at times are found in 
vast numl^rs, especially in coastal water, where they are 
important feeders on the smallest jflankton, the nanno- 
plankton. Their sensitivity to small changes in environ- 
mental conditions makes them fluctuate in numbers with 
seasonal or other changes. There are 692 known species, 
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mainly marine. (Kofoid and Campbell, 1929.) Exam- 
ples: Paoella, Tiniinnop(ti$, Tiniinnus. 

PHYLUM FOBIPBBA 

The sponges are multicellular animals, though of simple and loose 
oigmiisation, either with spicules of silica or calcium carbonate imbedded 
in their bodies for support or with fibrous skeletons made of the homy 
substance spongin, as in the common commercial sponge. Sponges are 
all benthic and nearly all marine, only one family Occurring in fresh water. 
In the sea they are to be found in all parts and at ^1 depths, the siliceous 
forms living largely in the deep sea. Sponges grow attached to the 
substratum and obtain their food by propelling water through tiny 
pores in the body wall and filtering out the microorganisms and detritus 
that may be present. There are about 2500 species, mostly marine. 

PHYLUM COELENTERATA 

Coelenterata are tubelike primitive forms with a continuous body 
wall surrounding a simple digestive cavity with but one opening encircled 
by tentacles used in capturing food. The group shows a remarkable 
degree of polymorphism; that is, a single species may present a variety of 
forms reducible either to the sessile polyp or the swimming medhsoid 
type. 


Class Hydrozoa. To this class belong the hydroids commonly 
found growing in little tufts* on rocks and sea weeds along the 
coast. From these branching polyps are budded the small 
jellyfish or medusae such as Obelta (fig. 79). The Siphonophora, 
an order of this class, are characteristic of the open sea and are 
represented by the beautiful blue Velella (“by-the-wind sailer”) 
(fig. 226b) and Pkyadlia (the “Portuguese man-of-war”), 
neither of which possesses a sessile stage. They are planktonic 
colonial medusae, exhibiting the maximum development of 
polymorphism of all animals. There are about 2700 species of 
hydrozoa. 

Class Scyphozoa. To this class belong the larger medusae with 
eight notches in the margin of the bell. Here are included the 
giant jellyfishes, some of which may become 2 m in diameter. A 
much-suppressed sessile polyp stage is present in the group. The 
200 species are entirely marine. Examples: Aurelia, Cyanea. 

Class Amthozoa. To this class belong the sea anemones, corals, 
and alcyonarians. There is no medusoid stage, and many of 
the polyps are colonial; some, especially the corals, are notable 
for their precipitation of calcareous skeletal structures, which, 
through long periods of accumulation, are important in the 
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building up of coral reefs and «milar formations. AU 6100 
known species of snthozoa are marine. 

PHYLUM CTBMOPHOBA. 

Ctenophora are small globular or flattened forms of jellylike consist- 
ency and with eight meridional rows of fused cilia used in swimming. 
Some possess a pair of trailing tentacles used in the capturing of food. 
The abundant globular species are commonly known as “comb jellies” or 
“sea walnuts” (fig. 226a). There are 80 species, all marine. Numeri- 
cally important genera are Pleurobrachia and BeroS. 

PHYLUM PLATYHLLMINTHES 

Platyhelminthes are datworms, a large number of which are found 
in the sea, either free-living or parasitic. 

Class Turbellaria. Nearly all of this class are free-living on 
the bottom under stones and in crevices, where they move about 
by means of cilia covering the body. 

Class Nemkrtinea. These are ribbonlike worms sometimes 
considered as a separate phylum. The benthic species live 
among rocks, algae, mussels, and so on, or ^rrow in the bottom, 
where they capture small organisms by means of a long eversible 
proboscis. Extraordinary size variations occur, some species 
being only 5 mm long, while one. Linens longissimus, may become 
25 m in length when extended, and therefore is the longest of the 
invertebrates; however, its threadlike form contains but little 
bulk. Fifty-two planktonic species of nemerteans are known, 
some living at great depths — ^for example, Pelagonemertes. 
(Coe, 1926). The planktonic forms are modified, some with 
caudal and horizontal fins for swimming (fig. 228c). There are 
about 550 species of nemerteans, of which nearly all are marine. 

phyi.um nemathelminthes 

The thread or round worms occur largely as parasites, but some are 
found in the plankton, and very large numbers occur in decaying organic 
detritus on the bottom. There are about 1500 species, many of which 
are nonmarine. 


phylum trochelmintheb 

Class Rotatoria (Rotipera). These are tiny benthic or plank- 
tonic organisms provided with rings of cUia for swinuning and for 
gathering food. Vast numbers may occur in the neritic plankton 
during the warmer seasons. There are about 1200 species of 
rotifers, of which most are fresh-water inhabitants. 
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PHTLUM BSTDZOA 

These colonial animals, known as "sea mats" or "moss animals," 
form flexible tufts or thin incrustations over the surface of solid objects 
both in intertidal and deep waters. Below low tide, many species form 
rig^d, erect, latticed or branched colonies. The individual minute 
animals have calcareous protective skdetons and possess a ring of 
ciliated tentacles for gathering microscopic food. There are over 3000 
species, about 35 of which are nonmarine. 

FHTLXTM BRACHIOPOnx 

Brachiopoda are ancient sessile animals superficially resembling 
bivalve molluscs, but the hinged calcareous or horny shells are dorso- 
ventrally situated instead of laterally, as in the molluscs, and the n.nifnii.]a 
gather their food by means of delicate ciliated arms attached within the 
shell. They grow permanently attached to rocks and shells, usually 
in the littoral zone below low tide. A few live in burrows. All are 
marine and all are very abundant as fossUs in the Paleozoic and Mesozoic 
rocks. About 120 living and 3500 fossil species are known. 

PHYLUM PHORONIDEA 

Phoronidea are wormlike animals, living in membranous tubes in the 
sand and collecting food by means of ciliated tentacles. There are 
about 12 marine species. 

PHYLUM CHAETOONATHA 

Chactognatha include numerous but small (maxima about 75 mm 
long) holoplanktonic wormlike animals known as “arrow worms” or 
‘ ‘ glass worms. ’ ’ They are highly transparent and provided with eyespots, 
a caudal fin and one or two pairs of lateral fins, and with strong chitinous 
jaws and teeth for capture of prey. They occur from the surface to 
great depths and are distributed far to sea in all latitudes. All 30 
known species are marine. Sagitta (fig. 228a) is the most abundant genus. 

PHYLUM ANNELIDA 

Annelida are true worms with elongated bodies composed of a series of 
similar segments. 

Order Polychaeta. These are marine worms of great abundance 
provided with many setae and typically with a variety of 
well-d^ned head structures such as eyes, tentacles, chitinous 
jaws, ciliated cirri, and so forth, which are modified in 
keeping with their habits of life and mode of feeding. 
They have a wide distribution horizontally and bathy- 
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metrically. For the most part they are benthic, either 
creeping or burrowing, as in Nereis, Glycera, and Arenicola, 
or sedentary in calcareous or fibrous tubes, as in Spirorbis 
and Sebella. Tomopteris is pelagic (fig. 228b). There 
are in all over 3.500 species, nearly all marine. 

Order Oligochaeta. These are earthworms, of which only a 
very few are marine, living near shore. 

Class Ecbiuroidea. These are fleshy marine worms with only 
one or two pairs of setae. They are unsegmented or indistinctly 
segmented in the adult. They live in burrows in the mud and 
sand of the littoral zone. There are about 20 species. 

PHYLUM ARTHROPODA 

Arthropods include animals with a segmented, chitinous exoskeleton 
and with jointed appendages, variously modified for locomotion, feeding, 
and other activities. 

Class Crustacea. Entomostraca. This group, formerly con- 
sidered a subclass, is of convenience in designating a large 
assemblage of small, primitive Crustacea belonging to several 
subclasses and orders distinguished from the higher Crustacea, 
or Malaeostraca. 

Suborder Cladocera. Only a few occur in the sea. Exam- 
ples: Podon, Bvadne, sometimes important in neritic 
plankton. Very numerou.^ in fresh ’.vater. 

Order Ostracoda. This order includes more than 2000 species, 
mostly marine, 'iving in the plankton and on the bottom 
(fig. 2*27b). 

Order Cirripedia. These are the barnacles which as adults 
have calcareous shells and live sessilely in all benthic 
habitats, especially coastal. Some grow attached to 
drifting objects or upon whales and other animals, or they 
may form special floats for suspension. There arc about 
500 species, all marine. 

Order Copepoda. Though small in size (about 0.3 mm to 8 mm 
in length), the copepods bulk large in the animal substance 
of the sea, for they are by far the most abundant of all 
crustaceans and usually constitute about 70 per cent of, the 
zooplankton. There are over 6000 species of copedods, 
found mostly in the sea, where some 750 species are plank- 
tonic and extremely numerous. Many others are benthic 
or patasitic. The three main suborders of free-living forms 
are Calanoida (fig. 227c), Cyclopoida (fig. 229d), and 
Harpacticoida (fig. 229a), The first two are mainly pelagic. 
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the last l>enthic. Like other Entomostraca and some 
Malacostraca^ they gather food by means of fine bristles 
on certain appendages (p. 887). 

SUBCLASS MALACOSTRACA. These are the large Crustacea, 

mostly benthic, many with strong claws and biting mouth 

appendages. 

Order Mysidacea. There are about ^00 species, mostly marine, 
living on or near the bottom. 

Order Cumacea. About 400 species of this order are known; 
nearly all are marine, benthic. 

Order Euphausiacea, The.se are commonly known as ‘^krilV' 
and in some regions are very abundant in the plankton and 
near or on the bottom. Some attain a length of about 
50 mm, and may at times be the major constituent of the 
zooplankton. There are 85 known species, all marine. 
Examples: Euphauaia^ Meganyctiphanes (fig. 227a). 

Order Amphipoda. There are about 3000 species, nearly all 

marine, in various habitats. 

Order Isopoda, Over 3000 species are known; they arg mostly 
marine, living on the bottom and on vegetation or burrowing 
in wood. Examples: Limnoria, Munnopsis (figs. 77 and 
221 ) 

Order Stomatopoda. This order contains about 200 s}>ecie,s, 
all marine, benthic, most common in shallow water of 
lower latitudes. 

Order Decapoda, Decapoda include crabs, lobsters, shrimps. 
They are widely distributed in both the pelagic and benthic 
regions. Most of' the over 8000 species are marine. 

Class Arachnoida. This class is well represented in the sea by a 
number of marine mites, over 400 species of sea spiders or 
pycnogonids, and 5 species of LimuluSy the king crab. All 
are benthic. 

Class Insecta. Only one insect is submarine during its whole life; 
a few others live on the foreshore or skip over the surface in 
search of food. Example: Halobates, 

PHYLUM MOLLUSCA 

The molluscs are noted particularly for their construction of an 
infinite variety of calcareous shells encasing the body and for the struc- 
tural modifications that have taken place in the soft parts known as the 
foot and the mantle. These modifications are associated with the method 
of locomotion and capture Of food. 
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Class AHramstTBA. The chitons are all flat, benthic animals 
creeping with the aid of a broad, flat foot. There are about 630 
species, all marine. 

Class Scaphopoda. Tusk shells live in the bottom mud from 
shallow water to depths of over 5000 m. All 200 knowa species 
are marine. 

Class Gastropoda. In most types there is a spiral shell, and the 
foot is used in creeping. In this and the preceding classes a 
rasplike radula is a characteristic food-gathering organ. Some 
gastropods are holoplanktonic and may be without shells. 
These are the marine pteropods and heteropods (about 90 species 
of each) w'ith the foot modified for swimming (fig. 228d,f). 
The latter are especially characteristic of the oceanic waters of 
the lower latitudes. There are about 49,000 species in the class, 
mostly marine. 

Class Pelecvpoda. The clams, oysters, and mussels have a 
hatchet-shaped foot which in many is used for digging. All are 
benthic, usually sessile or burrowing in mud, rock, or wood. The 
soft parts are enclosed within hinged shells and the food is con- 
veyed to the mouth by means of ciliary action setting up water 
currents, sometimes through long siphons. There are about 
1 1,000 species, of which about four fifths are marine. 

Class Cephalopoda. In the squids, devilfish, and so forth, the 
foot is divided to form arms used in capture of prey. In keeping 
with their active, predacious habits, the eyes are usually well 
developed, but blind deep-sea forms occur. In NautUua and 
related forms there is a well-developed shell. Cephalopoda are 
either benthic or pelagic, some living at great depths. The giant 
squid, Architcuthis princeps, having a body girth of nearly 1 m 
and attaining a total length of about 16 m, is the largest of all 
invertebrates. There are about 400 species, all marine. 

PHYLUM ECHINODERMATA 

Echinodermata are animals with calcareous plates forming a more or 
less rigid skeleton, or with scattered plates and spicules embedded in the 
body wall. Many are provided with spines. All are marine, and all 
but a few sea cucumbers are benthic. 

, Class Holothuroidea. The sea cucumbers are mainly benthic, 
only members of the order Pelagiothurida being planktonic. 
There are over 650 species, some living in abyssal regions. 

Class Asteroidea. The sea stars are among the most con- 
spicuous of shore animals, but they live also at very great depths. 
About 1100 species are knownt 
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Class Ophuroidea. There are more than 1600 species of brittle 
stars, with a wide horizontal and bathymetric distribution. 

Class Echinoidea. There are about 600 species of sea urchins 
and sand dollars, a few of which live in deep water. 

Class Crinoidea. About 800 species of sea lilies and sea feathers 
are known, with the center of distribution in the East Indian 
waters, but they also occur in many other waters. The former 
live mainly in the deep sea and ar^ anchored by long stalks. 
The latter occur mainly at shallowdt; depths and are without 
stalks. The class is a vanishing remnant of a formerly abun- 
dant group that has left more than 2000 fossil species. 

PHYLUM CHORDATA 

Chordata are animals which in some stage of their life have gill slits 
and a skeletal axis known as a notochord. 

Subphylum Tunicata. These are primitive chordates; of about 700 
species, all are marine. 

Class Larvacea (Appendicularia). These are small planktonic 
forms, sometimes abundant. Examples: Oikopleura (fig. 228e), 
Fritillaria, • 

Cl.\ss Ascidiacea. These are sessile ascidians such as Ciona and 
Culeolus. 

Class ITialiacea. This ejass is made up of pelagic tunicates that 
float singly or in chains^ they may be very abundant at the sur- 
face in the warmer waters. Examples: Sedpa, Doliolum. 

Other protochordates are the wormlike Enteropneusta and the fishlike 
Cephalochorda, both of which are found burrowing in mud and sand. 

B. Vertebrates 

Subphylum Vertebrata. This group includes animals with vertebrae. 
All but the classes Aves and Mammalia are cold-blooded. 

Class Cyclostomata. The hagfishes and lampreys are fishlike 
forms but without paired fins. They have a circular sucking 
mouth without jaws. The former are all marine, while the 
latter live both in the sea and in fresh water. 

Class Elas.mobranchii. These primitive fishes — the sharks, rays, 
and chimaeras with $. cartilaginous endoskeleton — ^have paired 
fins and a lower jaw. In this group are many large forms such 
as the giant manta and the whale shark, the largest of all 
fishes, which becomes about 16 m long. Nearly all are marine. 
Class Pisces. This class includes the true fishes, with a bony 
endoskeleton, paired fins, and an operculum covering the gills. 
They are characteiistically streamlined for ^eat svrimming 
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speed, but a considcatkble variety of structural modificati(ms 
occurs. Like the above class, they are mostly carnivorous 
and lughly rapacious. Most fishes are marine, and some are 
benthic, but the majority are i>elagic, living in both shallow 
and abyssal depths. 

Class Rbftilia. This class is represented in the sea by snakes 
and turtles. They breathe air and are therefore in^bitants 
of surface waters. The turtles frequent the shore to deposit 
their eggs on sandy beaches; the snakes bring forth living 
young and are therefore less dependent upon the shore. The 
sea snakes are found in the Indo-West Pacific and in tropical 
waters of America. They grow to a length of from 1 to 2 m 
or more and some are very poisonous. The sea turtles occur 
in tropical and subtropical seas. They have psddlelike limbs 
for swimming, and some grow to great size. The leathery 
turtle, for example, which is the largest of the class, may 
attain a weight of 1000 pounds. 

Class Aves. A great number of birds are dependent upon the 
sea for food. Some of these frequent the land only for nesting 
and rearing of young. Typical examples are the albatrosses, 
petrels, cormorants, and auks. 

Class Mammalia. These are warm-blooded, air-breathing animals 
with hair and mammary glands. 

Order Carnivora, The marine members of this order are the sea 
otters and, to a lesser degree, the polar bears. The sea 
otters occur only in small numbers and only along the west 
coast of North America, where they were formerly hunted 
commercially tu the very verge of extinction. Recently, 
under rigid protection, they have recuperated to an encour- 
aging degree. The polar bears are confined to the Arctic 
region, usually on or near floating ice 
Order Pinnipedia. Pinnipedia include seals and walruses, 
nearly all marine. The limbs are finlike, in adaptation to 
the aquatic existence. There are three families: (1) Otari- 
idae include the eared seals, sea lions, and fur seals. Small 
external ears are present and the hind limbs can be rotated 
forward. (2) Phocidae are the hair seals without external 
ears and with hind limbs incapable of rotation forward. 
(3) Odobenidae include the walruses, with greatly elongated 
canine teeth in the upper jaw. They are confined to the 
Arctic. 

Order Sirenia. Sirenia arc heavy-bodied mmmnals with a 
flat tail and with forelimbs modified as paddles. Hind 
limbs are wanting. They live near shores in warm waters, 
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where they browee upon vegetation. They are not numer- 
ous, Examples: sea cows, manatees, and dugongs. 

Order Cetacea. This order includes whales and dolphins, 
highly modified for aquatic life by a streamlined body and 
finlike forelimbs and tail. The hind limbs are wanting. 
Suborder Mysticeti. These are the baleen, or whalebone, 
whales, with a series of long plates of baleen suspended 
in the mouth (fig. 76a). The frayed ends of these are 
used in screening out plankton food. Examples: fin 
whale, humpbacked whale, aikd blue whale. The last 
named is the largest of all animals, growing to a maximum 
length of about 34 m and weighing 294,000 pounds. 





Fig. 76. a, the blue whale — a whalebone whale; h, the 
sperm whale — a toothed whale. 

Suborder Odontoceti. Odontoceti are the toothed whales. 
This group includes (1) sperm whales with teeth only 
in the lower jaw (fig. 76b) and (2) the numerous dolphins 
and porpoises with teeth in both jaws. 

Reproduction and Life Cycles in Marine Animals 

In any comprehensive study of oceanography wherein biological 
activities are implicated or in the study of any population or individual 
species in relation to environmental factors, it is necessary to take into 
consideration the nature of the life cycles of the organisms involved. 
Only thus can the biological activities and the methods whereby the race 
is maintained through countless numbers of generations be fully under- 
stood. The utility of life-cycle studies in such practical fields as economic 
entomology, parasitology, and fisheries has been abundantly demon- 
strated. Through a knowledge of the methods of reproduction and 
through recognition of the various developmental stages of marine 
animals the investigator has at hand valuable means of aiding the inter- 
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pretation of the fluctuations that occur in a given population, of undor- 
standing the vertical or horizontal migrations, and of tracing the methods 
and routes of distribution, because all of these phenomena are closdy 
bound to phases in the life cycle of the organisms. 

It should be pointed out here that, in dealing with the propagation 
of any individual species in relation to its distribution, we must dis- 
tinguish broadly between (1) reproductive distribution and (2) sterUe 
distribution. Reproductive distribution is associated with areas w'here 
environmental conditions are favorable to maturation, spawning, and 
larval development. Such areas may be called areas of reproduction, or 
nursery areas. Sterile distribution is associated with areas in which the 
submature or adult individuals may live and some spawning may take 
place, but in which the eggs fail to hatch or the larvae do not survive, 
so that the area must be restocked periodically by invasion of postlarval 
stages produced elsewhere. 

In a study of the life cycles of marine animals, one is impressed 
particularly with three facts: (1) the preponderance of animals which, 
though sessile, creeping, or burrowing in the adult stage, possess a free- 
svdmming period during the early stages of life, (2) the enormous numbers 
of young that are produced by both pelagic and benthic animals; and 
(3) the fundamental similarity of the larvae of different invertebrate 
groups. We shall be concornei only with the first two. 

In a superficial survey of populations, it is mainly the larger, more 
conspicuous adult animals that are seen, yet, from the standpoint of 
numbers, vastly more starfish, barnacles, clams, crabs, fish, and so on, are 
represented in the microscopic, feebly swimming larval stages than in the 
adult stages. Most of these larvae do not survive to assume the adult 
habit, but, instead, serve as nourishment for other organisms, swimming 
or sessile, or are in some manner destroyed through action of the physical 
or chemical environment. 

Types op Reproduction. In reproduction, animals are either ovi- 
parous or viviparous. The oviparous forms deposit eggs that develop 
outside the mother’s body, while in the viviparous forms the young are 
nourished by the mother and are born alive in a postembryonic state. 
An intermediate condition exists in the ovoviviparous forms, where the 
eggs are incubated and hatched within the body, as in certain sharks, 
perch, and blennies. The term larvipturjus is sometimes used to indicate 
that larval stages are bom. An embryo derives its nourishment from 
the yolk of the egg or directly from the mother, whereas typicafly a 
larva is morphologically adapted with mouth and digestive tract for the 
purpose of seeking its own nourishment. Later it will be seen how 
important this fact is in the life of many marine animals. 

By far the greater number of animals of the sea are oviparous, and 
it is among these that the extraordinarily large numbers of eggs ure 
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produced. The number of ^[gs produced by the female of any species is 
associated, however, with the degree of parental care or Other protection 
accorded the eggs and larvae following fertilisation. The greater the 
care, the fewer the eggs produced. Most spawning consists of casting 
the ^gs freely into the water, where they are fortuitously fertilized by 
spermatosoa that have also been extruded into the water. In these 
instances, enormous numbers of eggs are shed each breeding season. The 
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Copepod (Otthomna) 

Fig. 77. Parental care of eggs and larvae. 

following examples of the numbers of eggs produced by single individuals 
will illustrate the extraordinary fecundity that is attained: 

American oyster 115,000,000 Pacific halibut 3,500,000 

Sea hare (ir«<hy«) 478,000,000 Cod 4,400,000 

Teredo navatu, more tbtin . . 2,000,000 Sunfish (ilfoht) 300,000,000 

It has long been recognized, however, that the exceedingly great 
number of eggs produced by some species is not directly correlated with 
the number of adults that are found. The large numbers of eggs and 
larvae produced are, instead, a measure of the tremendous toll paid by 
these species in order to assure survival of enough individuals to carry 
on the race. 

In the marine population as a whole, very little parental protection 
is given to the offspring in the larval stages, and frequently even the eggs 
are given no care, yet hundreds of examples can be cited wherein varying 
degrees of protection are afforded the embryonic stages and sometimes 
the larvae as well. Many of the larger Crustacea retain the developing 
eggs attached by secretions to hairlike structures on the abdominal 
•appendages. Some annelids produce viscid secretions for attaching the 
eggs to setae or to the body wall, while others retain the young up to a 
well- 4 leveloped larval stage in special brood pouches, as in Spirorbis 
(fig. 77). Many other invertebrates provide brood pouches — ^for exam- 
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pie, the isopod wood gribble, Litnnoria, in which ehitinous flaps cover 
the eggs and young. In many copepods 1b.e develoinng eggs are retained 
in membranous sacs (fig. 77). Among the vertebral may be mentioned 
the male pipe fish, which carries the developing young in a speciid groove 
on the ventral side of his body. Other animals guard their eggs by 
hovering over them, as in the slipper shell, Crepidula, or the little six- 
rayed starfish, Leptasteriaa hexacHs, which continues protection ev«a 
beyond the larval stage. Many other examples of parental care are 
discussed by Wilson (1935). 



Fig. 78. tSome types of egg cases for protection of 
and larvae. 


It is clear that in these instances of parental protection the need 
for large numbers of eggs is somewhat diminished. Nevertheless, when 
a relatively long, helpless, pelagic stage follows the protected period of 
incubation, many larvae musi. still be produced. Thus, for instance, the 
blue crab, which, though protecting the eggs till the young are hatched, 
has pelagic larvae and is said to carry over two million e^ (Truitt, 1939). 
In contrast, Limnoria produces a maximum of only about twenty-five 
eggs, but retains these within a pouch until fbe young are able to burrow 
into the wood where they were bom. Thus they escape the hasardous 
pelagic life of larvae. In this animal the hasards of a swimming enstence 
are met not by the very young but by submature specimens which by 
short migrations attempt to establish themselves in less crowded situa- 
tions prior to breeding (Johnson, 193v). The fact that some animals 
produce more eggs than others and at the same time offer more par^tal 
care must indicate that factors operate to destroy more developing young 
in one than in the other. 

Finally should be mentioned the common method of depositing eggs 
in masses or protective capsules of various types (% 78), thus diminishing 
loss from excessive dispenal and other hasards of a floating existence 
during the period of incubation. The capsules are also sometimes 
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watched over in the manner of the octopus, which keeps h«r free 
{torn enemies. Additional examples are given in the discucmon of life 
cycles. 

Ttpbs of DsvBliOPiiniNT. There are two main types of development : 
(1) direct and (2) indirect. The direct development in oviparous species 
is associated with eggs of considerable yolk content, such as are found in 
the fidies, cephalopods, some n^erteans, crustaceans, and others. The 
newly hatched young are similar to the parent except for size. 

Direct devdopment is common among the deep-sea benthic animals, 
and this habit appears to be an advantageouS'j^adaptation. The slowly 
moving currents of great depths are of less importance in the dispersal 
of larvae than are the stronger currents of shallow water. The micro- 
planktonic life so characteristic of surface layers and from which the 
pelagic larvae of littoral animals directly derive their food has no counter- 
part in the deep, and hence it is imperative that the young produced 
be able to feed directly upon the bottom detritus. The possibility of 
deep-sea larvae swimming from great depths to the surface, where food 
is plentiful, and later returning to the bottom appears to be impracticable 
in nature. The young of some mid-depth pelagic forms — for example, 
Cydothone among the fishes and Acanthephyra among the prawns— do 
however live nearer the surface, where food is more plentiful, than where 
the adults are commonly to be found (Hjort, 1912). * 

Benthic animals of Arctic and Antarctic regions also commonly 
possess no pelagic larval stages. Hjort (1912) and Murray (1913) con- 
sider this a probable explanation^of the great local concentrations of 
certain boreal and arctic benthic anhnals, because the direct development 
results in the young remaining in the area in which they are born. Brief 
pelagic larval stages following protection during incubation and absence 
of dispersing currents lead al^ to local adult concentrations. 

The indirect development is associated with a type of egg with little 
yolk (that is, alecithal), and hence a self-sustaining larva must develop 
quickly or the organism dies. This type of development is characteristic 
of marine invertebrates, which usually cast their egp free in the water 
or carry them through the incubative period in special brood pouches. 
Larval stages appear before the full character of the species to which 
they belong becomes established. Many of these — for example, the 
pliUerts larvae of the Echinoidea and the Opburoidea — when first dis- 
covered were described as distinct kinds of animal, only to be found 
later to be the young of already well-known species. The locomotor 
organs of most of the larvae are cilia (see below for exceptions) which 
by their rhythmic beating propel the animal slowly through the water 
at a rate just sufficient to keep them in suspension. The great similarity 
of structure exhibited by the larvae of some groups suggests a common 
origin for the groups which as adults are structunJly veiy dissiinilar. 
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Typical Life Cycles. The life cycles of many species have not 
been investigated, but the principal features in the life histoiy of tiie 
major groups have been established. We shall here review only the 
groups of most immediate interest in general oceanographic studies. 

In the protozoa, reproduction is mainly by binary fission, whereby 
the animals divide to form two separate animals, these in turn dividing 
after growth. Under favorable conditions, this method makes possible 
a production of great masses of individuals, as is often witnessed in such 
forms as Noctiluca. Gametes are also formed in this animal as a result 
of multiple fission. These unite in pairs, but their further development 
is unknown. In foraminifera, and possibly also in radioiaria, there is a 
cyclical alternation of generations in which sexual and asexual phases 
alternate and give rise to morphologically different individuals (Myers, 
1936). 

In the tintinnids, in which transverse binary fission occurs, the 
anterior daughter escapes from the lorica, while the posterior daughter 
retains the old lorica (Kofoid, 1930). 

The sponges reproduce asexually by budding or fragmentation, and 
sexually by union of gametes, the latter resulting in a free-swimming, 
flagellated larva, the amphiblastula, which, after a period of swimming, 
settles to the bottom and grows to form the adult sponge. Asexually 
produced units, known as gemintdes, possessing a heavy protective 
covering are produced by some sponges as a means of survival during 
adverse periods. Reproduction by formation of gemmules occurs 
principally among the fresh-water sponges, but some marine forms also 
produce gemmules. 

In the coelenterates, both sexual and asexual reproduction are impor- 
tant features in the life cycle. The union of germ cells results in a free- 
swimming, ciliated, planula larva about 1 mm long (fig. 80c). The 
planulae, though lacking the mouth and enteron of typical larvae, maj’’ 
live for a sufficiently long period on yolk food to bring about dispersal 
of sessile coelenterates such as the corals and anemones. Vaughan 
(1919) found the pelagic period of corals to be from one day to two or 
three weeks. Upon settling to a hard bottom the planulae of corals and 
other Anthozoa develop a mouth and tentacles for feeding, and later the 
reproductive organs are formed. In some there is also active asexual 
reproduction by fission and budding. Large coral colonies are thus 
initiated from a single individual. It is the skeletons of these asexually 
produced individuals which form the large coral heads, some of which are 
3 m or more in diameter and contain many thousands of individ- 
ual polyps. The length of time required for formation of such colonies 
has been investigated by Vaughan (1919), who found that a coral 
colony (Porites asteroides) SO mm in diameter may be formed in four 
yearn. 
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The ranarkable life histories of mi^ jellyfirii of the class l^ydrosoa 
offer the examples of alternation of generations that are used in all loolog- 
ical texts. The jellyfish, or medusa, stage (fig. 79} of such forms as 
Obdia is either male or femdie, and the eggs are cast free in the water, 
where they are fertilised and develop into planuU larvae. The planula 
soon settles on the bottom to form the sessile polyp, or hydroid, stage. 
From special structures on the polyp, asexually produced buds become 
separated as swimming medusae, thus completing the cycle. The 
alternation of sessile and pelafpc generations is a factor of great rig- 
nificance in the distribution not only of th^ hydrozoa such as Obdia, 
but also of other forms — ^for instance, the large scyphosoan riurelto, 
which, though varying in details of life Idstory, possesses stages similar to 
those in Obelia. The sessile generation is the chief link instrumental in 
restricting all stages of such animals to the neritic waters, generally 
to the proximity of shores and shoals with a suitable substratum of rocks, 
shells, or larger plants for attachment of the planula larvae. Bigelow 

t (1938) found that in the open 

Bermuda only about 3 

::r J P®*" ^^® medusae 

/ caught at a distance of 10 
^ miles from shore w^ of the 

j» *yP® * ®*®^ stage in their 

history. The degree of 
/ dispersal is, of course, de- 

pendent upon the speed and 
direction of the water currents 
prevailing. Some swimming 
jellyfish — ^for example, Aq- 

members of the order 
Trachylina — are not dependent upon a sessile stage because daughter 
medusae develop directly from the pelagic stages. 

Open-sea colonial coelenterates — ^for example, Vdella or Physcdia — 
are representatives of the “blue-sea fauna.’' Their life cycle is adapted 
to offshore life by elimination of the sessile stage. The planula larva 
gives rise to a medusiform stage from which the complicated colony 
arises. 

The Ctenophores are ail hermaphroditic, and the eggs are usually 
riled into the water, where, upon fertilization, they grow by direct 
development into free-swimming larvae. Oadrodes, a parasite in Salpa, 
produces a typical planula larva. 

The great importance of annelidB, especially in the littoral benthic 
' fauna, warrants their inclusion in this brief study of life histories. At 
certain seasons the voracious swimming larvae of annelids are a major 
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constituent of the temporaiy plankton and a factor to be consider^ in the 
control of phytoplankton production in neiitic waters at these times 
(p. 772). Most marine annelids are unisexual, in contrast to the her- 
maphroditic terrestrial forms. Both sexual and asexual reproduction 
occur, but, when great numbers of pelagic larvae are found in the 
plankton, they result from the shedding of many eggs free in the water, 
where they are fertilized and develop into ciliated, swimming, troehophort 
larvae (fig. 80b), which are soon transformed into miniature worms with 
three or more segments before they desert the plankton (fig. 224a) 
There are many modifications of the trochophore, its fundamental struc- 
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Fig. 80. Some characteristic marine larvae, a, nauplius larva of 
the copiepod Labidocera; h, trochophore larva of the annelid Nereit 
agatsiti; e, planula larva of coelenteratea; d, zoea larva of the crab 
Pachyffrapttu; e, veligcr larva of the clam ;/, bipinnaria larva of starfish ; 
g, the cod larva with yolk sac. 

ture being reflected in the larvae of a number of animals, especially 
the molluscs, the nemcrteans, and other flatworms. 

The larvae of many benthic annelids enter the plankton only after 
they have completed their early stages under some means of special 
protection. For example, in the little tube worm, Spirorhis, and related 
forms, they develop in a special bro«^d pouch beneath the operculum, 
while in some Polynoe, or scale worms, they are sheltered by the dorsal, 
flaplike elytra, and in yet other instances the eggs are deposited in 
attached or demersal gelatinoid masses (fig. 78), where the developing 
embryos and larvae enjoy some dcjjree of protection. In Spitvrbia the 
trochophore stage is passed in the brood pouch and the older larvae 
may assume the Sessile habit after only twenty-four to thirty-six hours 
in the plankton. If a suitable substratum is not available, the pela|^ 
stage is somewhat prolonged. Nerpis agaasizi spawns the free 
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in the water, and the pelagic stage may be of twelve to sixteen or more 
da^m* dura^on. In N. vexittosa the eggs are spawned in masses (fig. 78). 

The ehaetognaths, or arrow worms, are hermaphroditic but not self- 
fertilising. The eggs, which are fertilised internally, are shed into the 
water, where they develop directly into free-swimming larvae not unlike 
the adults. 

Most crustaceans, in which we are particularly interested because 
of their prominence in some phases of oceanographic studies, pass through 
several distinct pelagic larval stages. The colpmon initial crustacean 
larva is the naujAius (fig. 80a), bearing three pairs of appendages used 
for both swimming and feeding. 

In eopepods the sexes are separate, in some species the ratio of adult 
males to females being strikingly unequal at all times, while in other 
species the inequalities are seasonal, the males being more abundant 
at the onset of breeding but later diminishing in numbers more rapidly 
than the females after the breeding season (Damas, 1905, Farran, 1927, 
Campbell, 1934). The most important of the planktonic eopepods 
spawn the fertilized eggs free in the water, yet many littoral species 
and some important pelagic species — ^for instance, OiOu>na,Paraeuchaeta, 
and others — carry the eggs in brood sacs through the period of incubation 
(fig. 77). In both cases the eggs hatch to typical self-sustaining nSuplii. 
Paraeuchaeta is somewhat of an exception, for it develops from a heavily 
yolked egg and does not feed in the naupliar stage (Nicholls, 1934). In 
eopepods there are normally six supcessive naupliar stages separated by 
definite moulting of the chitinous skin. The hard exoskdeton of crusta- 
ceans does not grow, and must therefore be shed or moulted periodically 
as the animal becomes too large for the encasement. In many crusta- 
ceans the number of moults may be variable, but in eopepods there are 
a fixed number of stages, each separated by a moult. At the tennination 
of the sixth naupliar stage a complete metamorphosis occurs from which 
emerges Stage I of six successive copepodid (copepodite) stages. Cope- 
podid Stage VI is the adult, and, during spring reproduction in waters 
of the latitude of the British Isles, maturity may be reached in a period 
of about twenty-eight days in Calanus finmcirchieus, but it is much 
delayed in the autumn-winter generation or in populations of more 
northern waters. 

In Calanus finmarchicus, by far the most thoroughly investigated 
of all pelhgic eopepods, it has long been known (Gran, 1902, and others) 
that the animals spend the winter months in the deeper water layers. 
The breeding of this species occurs in spring and summer in boreal 
waters, and there are two or more successive generations, each of which, 
apparently, may bear more than one brood. The generation arising 
from the first spring spawning appears to mature quickly, spawn, and 
die. The last generation produced in autumn is a relatively long-lived 
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one, because it is this generation which carries the stock over the winter 
period. The winter stock is found in relatively deep water and is of 
uniform composition, consisting of copepodids in Stage IV or V. The 
stock is much reduced during the winter, but with the return of spring 
the animals pass into Stage VI (the adult stage) and spawn in surface 
waters, to produce the first generation of the season. Figure 81, from 
Nicholls (1933), shows changes in the percentage composition of the 
population, indicating three main periods of spawning in the Clyde 
Sea area. 

The life cycle of Calanus finmarchicua appears to be quite char- 
acteristic of other members of that important genus and perhaps of 
other related genera as well, but very few pelagic copepods have been 
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Fig. 81 . Successive generations of Calanus finmarchicua (from Nicholls). 


adecjuately investigated, and considerable variation can be expected. 
We shall not enter into the remarkable life histories of the parasitic 
copepods, but an example of a typically free-living littoral form— that is, 
Tishe furcata — is instructive for comparison with Calanus. Tisbe furcata 
carries the eggs through the incubative period in brood sacs. There are 
six naupliar and six copepodid stages, as in Calanus, but the time required 
for development from egg to mating maturity may be as little as ten days, 
and filled egg sacs are carried by females of the new generation in four- 
teen days after hatching. During maximum production, one female 
may produce at least Severn or eight broods at about five- to eight-day 
intervals. 

In the euphausiids, another group of outstanding importance in the 
economy of the sea, the method of reproduction is not unlike that occur- 
ring in many copepods, in that usually the eggs are shed in the water, 
but the succession of generations is not rapid and the life span is of 
greater length. For Euphausia superba, in Antarctic waters, the time 
required to reach sexual maturity is estimated by Ruud (1932) to be two 
years. Some investigations indicate that normally the animals live in 
the immediate vicinity of the bottom and that during spawning they 
congregate in Bwa|:ms and ascend to deposit the eggs in surface-water 
layers. Here, while slowly sinking, the eggs hatch to typical naupliar 
larvae, which are followed by successive stages of distinctive larvae, 
the older of which may return for A time to the surface layers. In 
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Thysanoeaaa inerms tb« stages are, ini order, two nauplius, one meta- 
naupUus, three oalyptopis, fourteen furcilia, twelve c 3 rrtopia, and the 
adult (Lebour, 1926). ^me species — ^for example, Nydiphanea couctdi — 
cany the eggs in a brood pouch through the incubative and naupliar 
periods. 

Among most othei* crustaceans the eggs are carried through incuba- 
tion attached to appendages or in brood pouches of various types. In 
heavily yolked egp, as in the common crab and related forms, the nau- 
plius stage is passed within the egg, and the de^^elopmental stage emerging 
from the egg is known as a zoea larva (fig. 803), of which there may be 
several separate stages. The weakly swimming zoea may drift in the 
plankton for several weeks before chan^g to the megalopa stage and 
settling on the bottom. The lobster produces a special type of pelagic 
larva, the phylloaoma, which, with its leaflike body, is especially adapted 
to float in the plankton (fig. 229g). In barnacles, the larvae escaping 
from the mantle cavity within the shell of the sessile adult are typical 
nauplii which, after living a pelagic existence for a few weeks, are trans- 
formed into what are called cypris larvae (fig. 2241). The cypris larvae 
soon settle to the bottom and, upon attachment to a solid surface, 
metamorphose to assume the adult state. 

In most bivalve (pelecypod) molluscs the sexes arc separate, itlthough 
some are hermaphroditic, and others — for example, certain species 
of oysters — are unisexual but change their sex alternately from one to 
the other. This phenomenon is also observed in other marine animals 
(Coe, 1940). Fertilization of the eggs frequently takes place after the 
eggs have been shed into the water, but commonly the eggs are retained 
within the brood pouch formed by the gills, in which case the spermatozoa 
are taken in through the inhalant siphon with the stream of water that is 
kept flowing over the gills. A modified trochophore larva is first formed, 
and from this a later larva, the vdiger, results (fig. 80e). After a period 
of swimming the veliger settles to the bottom. 

Gastropods are often hermaphroditic. Feriilization among them is 
commonly internal, and their eggs are frequently depo.sited in gelatinous 
or membranous cases attached to rocks or sea weed. Tiny floating cases 
containing several eggs are sometimes formed, as in Litiotina (fig. 78). 
The trochophore and part of the veliger stage are passed within the egg 
case. 

Among the echinoderms the sexes are separate and the eggs are 
usually spawned into the water, where fertilization occurs. Some 
{Asterina) lay demersal eggs which, because of their viscid nature, adhere 
to rocks and other objects. In other echinoderms, especially deep-sea 
and polar species, the eggs are fertilized and retained in brood pouches, 
where they undergo early development. Development is indirect in all 
cases, but the forms with most heavily yolked eggs do not have pelagic 
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larvae. Most ecl^oderms, however, do possess pelagic larval stages 
that may be of several weelu’ duration. 

The metamorphotis resulting in the adult state is as complete as 
that experienced bj' the butterfly, and it is not surprising that, b^ore the 
parentage of the pelagic larvae was known, they were considered as 
distinct animals unrelated to the adult (figs. 80f and 224f and j). The 
characteristic larvae are bipinnaria (sea stars), ediinophUeus (sea urchins), 
ophioplutexia (brittle stars), aiiricularia (sea cucumbers). The echino- 
derm larvae are of only moderate interest in the economy of the sea, but 
great biological interest is attached to the probable significance of some 
in showing a relationship to the most primitive chordates. 

Many fishes — for example the cod, mackerel, halibut, and sardine — 
shed their eggs into the water, where fertilization takes place and the 
developing larvae are nourished by the yolk of the floating eggs (fig. 80g). 
The herring deposits viscid eggs which, upon sinking to the bottom in 
shallow water, become attached to solid objects. The gobies, blennies, 
sculpins, and others attach their eggs to solid objects or lay them on the 
bottom, where the male may stand guard over them until hatched. The 
grunion buries its eggs in the .sand of wave-washed beaches during 
periods of high spring tide. Here the eggs remain for a period of about 
two weeks, when the next series of high tides washes them out and 
.stimulates their hatching (Thompson, 1919, Clark, 1925). In sharks 
and rays, fertilization is internal, and either the young are born alive 
or the nonbuoyant eggs are deposited in leathery cases known as "mer- 
maids’ purses” (fig. 78, p. 317). 

The eggs of fishes fall roughly into two groups, depending upon 
buoyancy; (1) pelagic and (2) demersal. The demersal eggs sink to the 
bottom or are deposited there; pelagic eggs float freely in the water and 
hence greater numbers are produced to overcome the losses inherent 
with this group. Many fisheries investigations are concerned with the 
occurrence and dispersal of pelagic eggs and the resulting larvae, for 
Irom such studies much information is gleaned regarding the spavining 
habits and areas of many commercially important fishes (p. 861). In 
general, the development of fishes can be considered as being direct, 
there being no general metamorphosis of form to the adult morphology. 
There is frequently, nonetheless, a marked degree of dissimilarity between 
larvae and adult, and in some there is a distinct metamorphosis. The 
Leptocephalus larva of the eel, for instance, was once considered a separate 
species. Many fishes have definite spawning grounds far removed from 
their deeding habitat, and the remarkable migrations of such fishes as 
the eel and the salmon are directly associated with reproductive instincts 
(pp. 811 and 861). 

The reproductive habits of certain deep-sea fishes are of special interest 
as an indication of adaptation to the environment. In the listless, 
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sparsdy populated, abyssal depths it. is conceivable that individuals 
of the sexes may become separated to such a degree that fertilisation of 
eggs at spawning becomes highly fortuitous. In some deepwsea fishes 
this condition is overcome by the male becoming parasitic on the female, 
bding permanently and securely grown to her body as a mere appendage 
with a united circulatory system (fig. 231c, p. 831). 

The mammals of the sea bring forth living young, which are nursed 
for a period by the mother, like those of some fishes, the great migratory 
movements of whales and seals are associated with wanderings to and 
from favorable breeding grounds. Growth i^whales is extremely rapid; 
sexual maturity may be reached in two years, and one calf may be 
produced every other year. 

The spawning of many marine animals, especially in boreal waters, 
is of a spontaneous nature, and vast numbers of individuals spawn 
within a period of a few days, with the result that in such cases the main 
spawning period is easily ascertained, since great swarms of eggs or larvae 
appear suddenly in the plankton and are gradually dispersed by water 
movements. This feature is especially well illustrated by the oyster, 
certain sea cucumbers (Cucttmaria), nereid worms, and barnacles. 

The degree of success of (1) spawning or (2) survival of larvae of 
successive spawning seasons gives rise to an inequality in numerical 
strength of year classes of adult or juvenile forms constituting any 
given population. This inequality is best demonstrated by studies of 
commercial fishes, investigations of which have been most ardently 
pursued. However, the same inequality must also occur in the popula- 
tions of any animals with a normal life span sufficiently long for individ- 
uals to litre through several reproductive seasons as juveniles and adults. 

For purposes of illustration we may consider a species with a life 
span of several years in which the age of individuals can be accurately 
determined and in which adequately large and inclusive samples are 
obtainable for comparison. Now, assume a highly successful spawning 
and larval survival in a moderate population of this species in the breeding 
season of 1930, a very poor spawning season in 1931, an average degree 
of spawning and survival of larvae in 1932, and then another highly 
successful year in 1933. The 1930 year class will, upon investigation 
of the whole population in 1931, show up as a disproportionately great 
number of small, one-year-old individuals in relation to the other age groups 
in tile population. In the next year (1932) the two-year-old individuals 
of tile 1930 spawning are still conspicuous in the population, but the 
smaller number of one-year-old individuals is evidence of a poor spawning 
or survival for the 1931 reproductive season. Thus, in 1933 and sub- 
sequent years the downward trend of numerical strength of the 1930 and 
1931 classes can be traced and compared with other year classes — ^for 
example, that of- the average year 1932 and of the successful year 1933 
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(fig. 82). As indicated in fig. 82, the 1230 and 1933 spawning produced 
“dominant year classes.” 

From such comparative studies of year classes and with a knowledge 
of the spawning habits and age groups, means are provided for analysis 
probable environmental factors that determine the degree of success of 
spawning or survival of larvae, because the relative number of individuals 
entering into any 3'ear class must depend mainly on these critical periods. 
In subsequent years within the normal life span of the species, th** 
reduction of numbers in year classes is not so likely to be of catastrophic 
nature. It has been pointed out by Hjort et ai (1933) that for a ^ven 
region the average rate of growth of individuals within the different year 



■ 03 ’ 1932 1033 1934 


Fig. 82 . Schematic illustration of changes in year class composition of a population. 

classes of Norwegian herring is the same for each year class regardless 
of the relative numerical strength of the classes. This seems to indicate 
that, in the sea, nature each year prot ides a sufficiency rf food for the 
survival and growth of the older stages of this fish as represented in the 
composite commercial catch. The numbers of individuals belonging to 
the separate year classes may be widely different (as much as 1 to 30), 
and this difference must then result from some factor or multiplicity of 
factors operating to destroy the animals during the very early stages of 
their existence. 

Studies of commercially important fish, shellfish, and whales are 
deeply concerned with analysis of the year classes. For example, in 
nature there is an equilibrium between the rate at which fish enter the 
accumulated stock or supply and the rate at which they are withdrawn 
through natural mortality . Additional remov al through fishing exploita- 
tion disturbs this equilibrium and may constitute so serious a driun 
upon the stock that the drtun becomes greater than the rate of replenish- 
ment and the stock subsequently becomes so depleted that it is no longer 
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profitably fished. Intmsive fishing is evidenced by a decline in the 
proportion of older and larger specimens entering into the catch and 
also by a leveling off of abundant year classes. Therefore a record 
of the trend of the proportion of year classes gives valuable information 
regarding the toll that fisheries operations are exacting on the accumu- 
lated stock in the area being exploited. Such information provides 
practical aid in formulating conservation policies and in determining 
the optimmn catch practicable to the fishing industry. The theories 
of fisheries science here involved are of great importance to that branch 
of marine biology. For a fuller discussion th% reader should refer to 
Hjort et al (1933), Thompson (1937), and other relevant reports. 

Year-class analyses of the fish population are also utilized as a basis 
in arriving at forecasts of the most probable abundance of fish in the 
next year’s catch. Illustrative of this are the investigations of the 
U. S. Bureau of Fisheries into the fluctuations so characteristic of com- 
mercial catches of mackerel. Sette (1931 el aeg) studied the relative 
abundance of these fish caught with reference to each year class of the 
population. The numerical strength of the younger year classes entering 
into the catch provided a basis for calculating the probable yields that 
these classes would give in the following year under similar conditions of 
fishing. Such calculations can be significant only when the downward 
trend in numbers of the dominant year classes is rather regular. In 
dealing with migratory fishes, the occurrence of sporadic invasions of 
populations produced elsewhere or with a different range and whose year- 
class composition is not known nfust give rise to unexpected changes in 
the ratio of the year classes occurring in any one range or locality under 
investigation. The continued success of such commercial fisheries as 
the mackerel is determined mainly by the numerical strength of the 
dominant year classes of the population native to the fishing area. 
In the above investigation it was found that the big year class of 1923 
constituted the main bulk of a declining fisheries yield for a period of 
years until the industry again experienced a sharp upward incline as the 
contingents of the 1928 successful spawning entered the catch. 
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CHAPTER X 


Observations and Collections at Sea 


OCEANOGRAPHIC VESSELS AND THEIR FACILITIES 
Vessels 

For purposes of oceanographic research, a very sturdy, seaworthy 
vessel capable of working under practically all weather conditions and 
of withstanding any storm is required. Vessels engaged in marine 
investigations can be broadly classified as either oceanic or coastal types, 
depending largely upon their size and cruising radius, but the two cate- 
gories are not sharply defined, since large vessels may be used for near- 
shore investigations and relatively small vessels sometimes extend th^ir 
operations far out to sea. In the following discussion, vessels and 
equipment used in coastal surveying and in the study of fisheries problems 
will not be described, although vessels engaged primarily in such work 
are sometimes employed in oceanographic investigations. Practically 
any vessel, small or large, can be used for certain types of investigations, 
but rarely is any single craft, unless specially designed, suitable for all 
kinds of oceanographic work. One of the chief requirements of oceano- 
graphic vessels operated by private or small organizations is economy of 
operation. This generally means a relatively small craft with low main- 
tenance cost which can be handled by a small crew. Vessels owned or 
operated by national agencies, such as the Meteor (Germany), Discovery II 
(Great Britain), and WiUebrord SneUius (Netherlands), are generally 
fairly large, but in most cases they serve a dual purpose. For example, 
the Meteor was used as a naval training ship and as a survey vessel, and 
the SneUius was especially built for surveying work in the Netherlands 
East Indies. 

The following features are desirable in vessels that are to be used in 
oceanographic research: 

1. Sturdiness and seaworthiness, large cruising radius, and accommo- 
dations for laboratory work and the storage of collections. 

2. Low freeboard in order to make possible the handling of instru- 
ments near the sea surface and to reduce the wind drift when hove to at 
stations. 
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Table 57 

REPRESENTATIVE VESSELS USED IN OCEANOGRAPHIC RESEARCH 
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3. Sails to increase the cruudng radiuB, to provide a sidety factor in 
case of engine breakdown, and to improve the working conditimis on board 
by reducing the roll and vibration when under way. Riding sails to 
steady the vessel when hove to at stations and to reduce the leeway by 
keeping the vessel headed into the wind. 

4. Sufficient clear deck space for the installation of winches and 
for handling bulky equipment such as trawls and dredges. 

In table 57 are listed certain representative vessels that have been 
extensively used in oceanographic investigations. Those owned by 
national agencies are large, over 200 feet long, and carry large crews, 
while, on the other hand, vessels owned and operated by institutions are 
generally between 100 and 150 feet long and carry crews of less than 
twenty. During the nineteenth century the practice of utilising only 
large craft in oceanographic work made it impossible for private organisa- 
tions to engage in independent and systematic investigations. However, 
Bj5rn Helland-Hansen, of the Geophysical Institute in Norway, con- 
vinced that small vessels could be used effectively, had the Armaver 
Hansen built to conform to his ideas. This small vessel, only 76 feet 
long, has carried out both intensive and extensive work in the North 
Atlantic and has ably confirmed Helland-Hansen’s thesis. Following 
his lead, other private institutions have purchased or built small vessels 
that can be economically operated. 

Winches 

Winches used in oceanographic investigations vary so widely in con- 
struction that it is impossible to describe any standard designs. The 
type and design of winches depend not only upon the character of the 
work contemplated but also upon the size of the vessel, the space available 
for the installation, the length of wire rope to be carried, and the power 
for operating the winch. Details of construction and installation tA the 
winches on the vessels listed in table 57 may be found in the references 
cited. 

Winches may be classified under three headings, depending almost 
entirely upon the strength of the wire rope they carry. 

Sounding winches are relatively light. They carry single or multi- 
strand wire of small diameter and are designed for sounding and for 
obtaining bottom samples witii light gear. Sometimes they can be used 
for other types of oceanographic work. An electric powered deep-sea 
sounding winch is described by Parker (1632). 

Hydrographic winches are moderately stout. They cany somewhat 
heavier wire thap the sounding winches and are designed for handling 
water-sampling devices, thermometers, and plwkton nets. Since the 
introduction of sonic sounding methods, winches especially designed for 
taking wire soundings are not so hommon, and hence hydrographic 
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winches may be used when it is necessary to take wire soundings or 
bottom samples. 

Heavy trinchee are strongly built to cany the largest and strongest 
cables. They are used for dieting, trawling, anchoring in deep water, 
and for any other work requiring heavy equipment or the ability to 
withstand a great strain. 

The construction of winches depends not only upon the sise of wire 
rope handled, but also upon its length, since thi^ carrying small amounts 
need not be so large or so strong as those t^at must handle several 
thousand meters of wire rope. For investigations in the open sea, 
winches should carry at least 5000 m of cable, and for studies in the 
deeps, more than 10,000 m may be required. Winches carrying only a 
few hundred meters of wire rope can be cheaply built and, if necessary, 
operated by hand. However, heavy mnches and those carrying large 
amounts of wire are always power driven. Winches may be operated 
by steam, as on the Discovery II, by gasoline or diesel motors coupled 
directly to the winch, by the main engine through some suitable mecha- 
nism, or by electric motors. Because of its economy of operation and 
its flexibility, steam is in many ways the most desirable source of power 
for winches, but it is practical only on steam-driven vessels. Oceano- 
graphic winches are now most commonly operated by electric motors. 
It is essential that all winches, particularly those used in handling water- 
sampling devices and nets, have a considerable range in speed of lowering 
and hauling in. They must also be capable of being controlled quickly 
and accurately so that instruments can be lowered to a predetermined 
depth and raised to a convenient level above the water for examination 
or removal from the wire. The maximum rate of haul on the hydro- 
graphic winch should be about 200 m/min. If electric motors are used 
to operate winches, speed control is obtained by the use of rheostats. 
In certain installations, reduction in speed also reduces the horsepower 
of t^e motor, but such designs should be avoided, because heavy loads 
must be hauled in slowly. 

Electric motors mounted on deck must be waterproof, and the winches 
themselves must be so constructed that they can be readily lubricated 
and protected from corrosion by salt water. Winches carrying large 
amoimts of wire rope must have drums with extremely staunch flanges; 
otherwise, the packing of the wire may break the flanges away from the 
core when the winch is hauling in under tension. 

Spreaders of some type are necessary to lay the wire smoothly and 
evenly on winch drums that carry large amounts of wire rope. If no 
provision is made for such spreaders, the wire may accumulate imevenly 
oh the drum, causing the strands to break down and, what is more serious, 
causing the wire to slip down between the underlying coils in such a way 
that when p%yed out again it may be badly snarled. Spreaders may be 
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operated by hand, but are generally an integral part of the win<>b and 
are mechanically operated. 

The hydrographic and sounding winches are customarily placed on 
deck near the rail, where they can be conveniently operated and where the 
wire rope will clear obstructions on deck and on the hull. The heavy 
winch, which is more bulky, must be installed in such a way that it can 
be strongly supported, can withstand heavy loads, and will not affect 
the stability of the vessel. On smaller craft it is commonly installed 
amidships below deck or, sometimes, half sunk below the deck level. The 
axis of rotation of the heavy winch is generally athwartships. 

Wire Ropes and Accessory Fittings 

Wire ropes used in oceanographic work must have the following 
properties : 

1. They must be of strong material so that rope of relatively small 
diameter can be used, thus reducing the bulk of the winch. 

2. They must be flexible and not liable to kink or unravel. 

3. They must be made of a metal that is resistant to corrosion, and 
thus long-lived, and free from materials that will contaminate water 
samples and plankton catches. 

Such requirements are best answered by multistrand ropes of stainle.s8 
steel, but this alloy is expensive, and in practice tinned or galvanized 
steel ropes are satisfactory. Phosphor-bronze and aluminxim-bronze 
ropes are also used, as they are noncorreding, but they are only about 
one half as strong as steel and their life is limited because they crystallize 
with use and lose their strength. Many wire ropes have hemp cores, 
but these are not so satisfactory as ropes with wire cores, because the 
hemp may shrink and break when submerged, arid it is also liable to rot 
unle.s.s .specially treated. High-grade manila rope is about one tenth 
as strong as steel rope of comparable diameter. 

The strength of steel depends upon its composition and treatment 
and varies from about 60,000 to 400,000 lb /in*. Steels employed in 
wire ropes are usually of relatively high tensile strength, the tensile 
strength of the rope increasing with decreasing diameter of the individual 
wires. The greater strength of a rope made up of smaller but more 
numerous wires is offset, however, by the greater surface offered for 
corrosion and by the greater likelihood of the individual wires breaking 

after a certain amount of wear. . • • j 

Single-strand wire of the type known as piano or music wire is used 
for deep-sea sounding and for running taut-wire traverses (p. 342). 
This wire is of extremely high tensile strength, but is stiff and liable 
to break if kinked, ff no bottom sample is required when sounding at 
great depths and in taut-wire traverses, the wire is usually cut away, as 
ili is not worth the time required to* reel it in again. Piano wire (rf 
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0.8 mm diameter (No. 21, BAS gauge) has a hreaidsg strength of about 
2401b. Stranded wire, which is used on shallow-water sounding machines 
(for dqjtbs of less thw about 1000 m), consists of seven tightly twisted 
double^vanised wires of 0.5 mm diameter (No. 24, B dt S gauge). 
This sevmi-steaad wire has a breaking strength of over 500 lb, is quite 
flexible, and can be used for handling many types of light oceanographic 
gew. 

The wire ropes used on the hydrographic and heavy winches are 
generally of »ther the 7 X 7 or the 7 X lO ijjrpes. A 7 X 7 wire rope 
consists of six strands, each composed of seven individual wirra that 
are woimd around a central core strand which itself contains seven wires. 
A 7 X 19 wire rope is similarly constructed, but each of the seven strands 
contains nineteen individual wires. The 7 X 19 ropes are slightly 
heavier than the 7 X 7 type, and the ropes of smaller diameter are 
considerably stronger, but the small size of the individual wires is a 
disadvantage. Ropes of the 7X7 type with diameters between about 
one eighth inch and one quarter inch are sufficiently flexible for oceano- 
graphic use, but, to obtain the desired flexibility in larger ropes, it is 
necessary to employ 7 X 19 rope on the heavy winch. In table 58 are 
given the characteristics of 7 X 7 galvanized steel ropes of the type 
known as aircraft cord. 

For most purposes it is considered that the working load of wire 
rope should not be more than one fifth of the breaking strength — that is, 
a safety factor of five. In marine investigations it is sometimes impos- 
sible to miuntain such a high factor of safety, but, if the anticipated 
strain is known, the diameter of the wire should be such that the maxi- 
mum load is never more than half the breaking strength. There is not 
only the danger of losing valuable equipment, but ^o the hazard to 
those on deck if the wire should break near the water surface. Steel 
has a greater elasticity than bronze, and the safety factor must be some- 
what greater when bronze ropes are employed. 

When great lengths of wire rope are paid out, the weight of the rope 
in the water may approach the breaking strength and exceed the safety 
factor of five, even when there is no gear suspended from the rope. 
Ropes of the t}q>e listed in table 58 exceed the safety factor of five when 
more than 4000 m of wire are suspended in the water. When taking 
water samples and temperatures or other observations with light gear 
where there are no sudden strains upon the rope, the safety factor may 
be reduced and the work extended to great depths. However, in trawl- 
ing, dredging, and taking cores of the bottom sediments, and when 
anchoring in deep water, the eqiiipment must be such that it can with- 
stand a heavy working load in addition to the weifdit of the wire rope. 
The increased working strength necessary for observations in deep water 
is gained by using tapered wire ropes, which are of the smallest diameter 
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at tbe free end and increase by stages toward the inboard ttad. Whra 
working with apparatus on the bottom where there is danger of fouUngr 
a toeoh link should be introduced between the wire tope and the equip* 
ment. This link will part if the load approaches the breakup strengtii 
of the rope and will mther release the whole instrummit or trsmsfer the 
strain to some other part of the device in such a way that it will poB 
free. 


Tabu 58 

CHARACTERISTICS OF GALVANIZED STEEL AIRCRAFT CORD 
(7 Strands of 7 Wires Each) 


Diameter 

Weight in air per 100 m 

Breaking strength 



MilUir 3ter8 

Inch 

Kilograms 

Pounds 

Kilograms 

Pounds 

3.18 

H 

3.6 

8.0 

610 

1,360 

3.97 

Hi 

6.9 

15.3 

1,180 

2,600 

4.76 

Ha 

8.6 

19.0 

1,460 

3,200 

5.56 

^2 

12.3 

27.2 


4,600 

6.35 

H 


34.4 

2,630 

5,800 


Ha 

24.9 

54.8 


9,200 

9.52 

H 

34.2 

76.6 

5,900 

13,100 

11,10 

Ha 

45.8 

101.0 

7,400 

16,400 

12.70 

H 

1 

62.6 

138.0 

1 

■■1 

22,600 


Data through Courtesy of John A. Roebling's Sons Co., Trenton, New Jersey. 


Many preparations are on the market to be used for the preservation 
of wire ropes. Whether or not any of these are Suitable depends upon 
the manner in which the wire rope is to be used, as those which flake off 
will contaminate plankton samples and other collections. Relatively 
frequent application of used crankcase oil is a satisfactory method for 
preserving steel ropes. The oil is applied before the rope is first placed 
in the water, and thereafter at intervals, particularly when the rope will 
not be in service for a long period. 

The wire rope used on the hydrographic winch must be smooth and 
free from kinks or stray broken wires that will prevent the passage of 
messengers or weights. Where a break or other damage necessitates a 
join, wire rope may be repaired with a long splice, which does not mate- 
rially increase the diameter of the wire or decrease the breaking strength. 
Kinks that form in the wire should never be pulled out, but should be 
eliminated by untwisting tbe wire, straightening the strands, and realign- 
ing them. 

Sheaves are always necessary for leading the wire rope outboard. 
They should be free-running and of such diameter that the wire pas s ing 
over them will not be cramped or stnuned. Unless the ciroumstaBOeB 
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make such siae impractical, the diameters of the sheaves should be at 
least thirty times, preferably fifty times, the diameter of the rope. All 
sheaves must have guards to prevent the wire from slipping between the 
wheel and the frame. 

An essential part of the equipment for each winch is a meter wheel 
(fig. 83} for measuring the amount of rope payed out. A meter wheel is a 

sheave with a wheel of appropriate cir- 
cumference fitted with a device that 
records the number of revolutions. The 
device is so desilgned that the difference 
between two readings, of the dials gives di- 
rectly in meters, fathoms, or feet the 
amount of wire that is run out or hauled 
in. For soundings and for obtaining tem- 
peratures and water samples the meter 
wheel must be carefully constructed and 
checked from time to time for wear. The 
effective diameter of the wheel is its own 
diameter plus the diameter of the v/ire 
rope. The meter wheel may be mounted 
on the boom or davit that leads the wire 
outboard, or it may be built into the 
spreader on the winch. The latter ar- 
rangement is a convenient one because the 
winc^i operator can then see the recorder at 
alt times. If the meter wheel itself is in 
such a location that the dial is not read- 
ily seen, recorders operated by a flexible 
speedometer cord may be mounted in a 
a. M, Afanu/aetunng Company, more Convenient place. To avoid slippage 

j- of the wire rope over the meter wheel, 

dial ludicatcrs and stamlesa steel ^ i u t .1 ^ 

sheavef angle of contact should be at least 90 



The wire rope is led outboard from the winch through sheaves and 
finally from a boom or davit extending out over the side of the vessel on 
the windward side. The lead from the heavy winch must be approxi- 
mately amidships because, when dredging, the vessel must be maneuvered 
under sail or power, which is possible only if the wire rope is suspended 
from a sheave near the middle of the vessel. To avoid striking the side 
of the vessel the outboard leads should be arranged so that the wire, 
when hanging vertical, is several feet away from the hull, and to facilitate 
the handling of gear it is usually necessary to have a working platform 
extending out from the hull and large enough to accommodate two men. 
If the we rope on the heavy winch is used for deep-sea anchoring, 
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sheaves must be arranged so tiiat the rcq>e can be led forward aad over 
the bow. 

Sudden stridns on the wire rope that may be caused by the rolling 
of the vessel or by fouling equipment on the bottom are a hazard to both 
the apparatus and the wire. These strmns may be equalized somevdiat 
by the use of accumulators, which are usually coil springs mounted with 
one end secure and the other end attached to the sheave through which 
the wire rope passes. Accumulators can usually be calibrated so that the 
extension or compression of the spring may be used to measure tiie strain 
on the wire rope. Some types are secured to the outer end of the boom 
or davit with the meter wheel or a plain sheave attached to the 
free end, or they may be an integral part of the davit or winch. The 
strain on the accumulator may be used in deep soundings to determine 
when the weight strikes the bottom, and in dredging and trawling it 
should be watched so that sudden strains may be eased by slacking off 
on the winch. Special devices known as dynamometers may be used to 
measure the strain on the wire rope. 

Shipboord Laboratories 

The location of laboratories on shipboard, the amount of space 
devoted to them, and the facilities installed depend upon the size and 
nature of the vessel and the types of investigations to be made. The 
laboratories may be classified as deck laboratories and analytical labora- 
tories. The deck laboratory opens on the deck and is used for storing 
certain oceanographic equipment. There the reversing thermometers 
are read, water samples are drawn from the sampling device, and certain 
preliminary steps are taken in the preservation or preparation of water 
and plankton samples. The deck laboratory should contain racks in 
which the water-sampling bottles ma:> be placed as soon as they are 
removed from the wire rope. These racks should be so arranged that 
the temperatures can be read and the water samples can be taken out 
without removing the bottles. Space should be provided for the glass 
bottles in which the water samples are transported, for certain chemical 
reagents, and for the solutions required for the preservation of biological 
material. A bench where records and labels can be prepared is also a 
great convenience. A large sink with running fresh and salt water is 
very iiseful, and the deck should be watertight and provided with dra^ 
because water is spilled in filling the glass bottles. Deck laboratories 
are a great asset on oceanographic vessels, particularly in bad weather 
and at night, as much more satisfactory work can be done under shelter 
where there is good illumination. 

The analytical laboratories are usually located below decks where 
there is the most space and where the motion of the vessel is at a minimum. 
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Viln»tioii transmitted tiurough the vessel from the engines and motors is 
<rften more tooublesome in the laboratory than Uie roll or pitch of the 
vessd, and consequently theengines should be mounted, when practicable, 
on fleidlde springs or on cork or rubber. The equipment used in the 
laboratories will generally be identical with that used on shore, but 
the benches, storage space, and methods of securing apparatus to the 
bmiehes must be adapted to work at sea under any conditions. Work 
bmrches are usually of such a height that the worker can be seated on a 
stool or seat that is fixed in place and so arianged that he can brace 
himself with his legs, thus leaving his hands irm. In some cases provi- 
sions are made for a bench mounted on gimbals, but the advantages of a 
relatively level surface are often outwei^ed by its unsteadiness. All 
apparatus must have suitable storage compartments in which there is 
no danger of the apparatus falling out or smashing together in a high sea. 
Burettes and other instruments, while in use, must be secured to the 
bench or to permanent burette stands. 

The analytical laboratory should be provided with running fresh 
water and a source of distilled water. The latter may be carried in large 
bottles or, preferably, in specially installed tin-lined tanks. On a long 
cruise it may be necessary to provide distilling apparatus. When living 
organisms are to be investigated, a source of cooled sea water oi^a cold 
box is necessary. A cold box is also desirable for preserving water or 
sediment samples for bacteriological examination. 

Laboratory work on shipboard is usually kept to a minimum because 
of the undesirable working conditions that arise from the cramped space, 
the motion of the vessel, vibration, and the time required for merely 
collecting the samples. However, there are certain chemical tests that 
must be made immediately after the samples are collected, and generally 
these must be made on board. The methods of analysis are referred to in 
chapter VI. On longer cruises it may be necessary to do more of the work 
on board, but in such cases the analyses may be done when the weather 
conditions are favorable or when the vessel is in port or at anchor. 
Biological work on board the vessel is limited in character, since most 
specimens can be preserved for later examination ashore and because 
vibration and motion of the vessel make the use of microscopes virtually 
impossible. 

Samples of water, organisms, or sediments that are to be examined 
ashore are usually not stored in the laboratory but must be kept in a 
place not subject to wide ranges in temperature or to extreme tempera- 
tures. High temperatures lead to the disintegration of the rubber 
washers used on most bottles and thus permit evaporation, which will 
rain the specimens. Fluctuating temperatures may loosen the stoppers 
and lead to evaporation, or may even break the bottles. Freezing 
tmnperatures must also be avoided, owing to the danger of breaki^e. 
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OBSERVATIONS AND COLLECTIONS 
PocIHon* at Sea 

The ge(^Bnraphic8l location at which an observation is made must 
be known. The greater frequency with which observations are now taken 
makes it necessary to know the locations of sampling very accurately, 
and hence special methods of determining positions at sea have been 
developed. Accurate knowledge of locatioiis is particularly necessary 
in surveying, where the introduction of sonic soimding methods has 
made it possible to take large numbme of sounding that must be pre- 
cisely plotted in order to bring out the true configuration of the bottom. 
The specialised techniques developed by such organisations as the U. S. 
Coast and Geodetic Survey have not yet been used for general oceano- 
graphic work, but the methods may be adopted for the study of special 
problems. 

When in sight of land where recognisable features are accurately 
located, the position of the vessel may be determined by means of hori- 
zontal angles and bearings on shore features. Out of sight of land the 
position can be determined by astronomic sights or by radio direction- 
finder bearings. Between positions established in these ways the location 
at any time is obtained by dead reckoning — ^namely, from the course 
steered and the distance run. Such methods are adequate for most 
oceanographic work, but, where greater accuracy is required, as in offshore 
surveying, positions found m this way are not commensurate with the 
accuracy and frequency of soundings. In certain cases an anchored 
vessel or buoy whose position can be exactly established by repeated 
astronomic observations is ur d as a point of reference. Since 1923 
the U. S. Coast and Geodetic Survey has experimented with sonic 
methods of locating positions and has developed them to a high degree of 
accuracy. In radioacoustic ranging (usually designated as R A.R.), the 
surveying vessel drops a depth bomb that is fired by fuse or electricity. 
The sound of the explosion is picked up by a hydrophone on the vessel and 
recorded on a chronograph. The impulse of the explosion, which travels 
in all directions, is picked up by hydrophones attached to shore stations, 
anchored vessels, or buoys whose positions are accurately known. The 
hydrophones are connected to radio tranimitters, and the sound impulse 
received at each hydrophone is transmitted by radio to the surveying 
vessel, where the times of reception are automatically recorded on the 
chronograph. Since the time required for the transmission and reception 
of the radio signal is infimtesimal, the period between the bomb explosion 
and the return of the signal from each hydrophone is that required for the 
sound impulse to travel through the water from the pdint of the bomb 
explosion to the hydrophone. The vdocity of sound in water can be 
computed from tim known distribution of temperature and salinity 
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(p. 77), but the waves are reflected between the surface and the bottom 
and may be distorted by density stratificationi so that empirical tests 
must usually be made to establish the effective horizontal velocity. When 
the velocity of the sound impulse is known, the distance between the 
bomb and the accurately located hydrophones is readily obtained. From 
two or more such radii the location of the bomb explosion up to distances 
of 100 miles from the hydrophones can be determined to within a few 
hundred feet. Radioacoustic ranges are obtained at frequent intervals 
while the survey vessel is running sounding lines. 

Taut-wire traverses are also used to determine accurately the dis- 
tances between anchored buoys when detailed surveys are made out of 
sight of land. The distances are measured by paying out steel piano 
wire under controlled tension over an accurate meter wheel from drums 
which carry over 140 miles of wire. When the distance between a row 
of anchored buoys 15 or 20 miles long has been measured, the wire is 
cut and abandoned. With a combination of the methods outlined above, 
extremely accurate surveys can be made out of sight of land where depths 
are not too great to make it impossible to anchor the buoys satisfactorily. 
The methods employed by the Coast and Geodetic Survey have been 
described by Rud^ (1938) and by Veatch and Smith (1939). 

Sonic Soundings 

Sonic-sounding equipment consists of three essential parts. (1) a 
source that will emit a sound impulse, (2) an instrument for detecting 
or recording the outgoing and the returning signals, and (3) a means of 
measuring the time required for the sound to travel to the sea bottom and 
for the echo to return to the ship. Sound sources are of two general 
types: those that emit sound of audible frequency which is nondirectional 
in water, or those that emit high-frequency vibrations which are non- 
audible and are classed as ultrasonic. The audible type is satisfactory 
for general use, but for sounding in shoal water or over a bottom that is 
very irregular, directional ultrasonic equipment must be used. Audible- 
type transmitters usually consist of a diaphragm that is vibrated by an 
electromagnet, although other devices are employed. The ultra- or 
supersonic transmitter depends upon the piezoelectric property of quartz 
crystals which, when subjected to a high voltage, vibrate at high fre- 
quency, and, as the process is reversible, the returning echo stimulates a 
current through the circuit, so that the same device is used as a trans- 
mitter and as a sound detector. In the audible-type sonic sounder the 
outgoing signal and the returning echo are picked up by a submerged 
microphone called a hydrophone. 

Various devices are used to determine the time required for the 
sound impulse to travel to the bottom and return to the hydrophone. 
For sounding in deep water the simplest method is to measure the 
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interval by means of a stopwatch. However, this nmthod is not veiy 
accurate and is not practical in shallow water, where the time interval 
is small. Most instruments depend upon visual s^nals or a combination 
of visual and auditory signals to measure the time interval, and in some 
devices the interval is recorded automatically upon a moving tape. In 
practice, an mstrument is set for a constant sounding velocity (p. 79), 
usually between 800 and 820 fathoms per second (1463 and 1500 m/8ec)y 
and hence the time interval is a direct measure of the depth obtained, 
using a constant sounding velocity. In accurate work the depths 
obtained in this way must be adjusted to allow for the vertical distribution 
of temperature and salinity. The time interval is commonly measured 
by means of a rotating disk revolving at a constant speed. This speed 
is determined by the graduations on the disk and the sounding velocity. 
For example, the disk may be graduated to read from aero to 1500 m, 
and, if rated for a sound velocity of 1500 m/sec, it will require 2 sec for 
one rotation of the disk; that is, 2 sec is the time required for the sound 
to travel to the bottom and back when the depth is 1500 m. The out- 
going signal is activated automatically each time the disk is at zero. 
When earphones are used in deep-water instruments of this type, the 
position of the disk is noted at the instant the return echo is heard. The 
recorded depth will usually represent the average of several such measure- 
ments. For work in shallow water (less than 500 m) a flashing light 
signal activated by the outgoing sound impulse and the returning echo 
is commonly used. In such instruments the light is on a revolving arm 
that is mounted behind a graduated disk with a circular slit through which 
the light is visible. The outgoing sound impulse is emitted automatically 
each time the light passes zei<' on the depth scale, and the returning echo 
causes the light to flash, the depth being indicated by the graduations 
on the dial. In automatic recording d« vices the depths are marked upon 
a moving paper, and the plot obtained in this way represents an accurate 
profile of the bottom. Details concerning the construction and operation 
of sonic depth finders are given in the Hydrographic Review, publisheu 
periodically by the International Hydrographic Bureau. The instru- 
ments used by the U. S. Coast and Geodetic Survey are described by 
Rud5 (1938) and by Veatch and Smith (1939). 

Wire Soundtngi 

Since the introduction of sonic methods, relatively few wire soundings 
are taken for the sole purpose of measuring depths. Checks must be 
made from time to time to see that the sonic equipment is operating 
successfully, but in most cases wire soundings are now made for the 
express purpose of obtaining samples of the sea-bottom sediments. The 
weight of equipment used for collecting bottom samples has inoreased, 
and, as a consequence, the piano-wire, sounding machines are no lon^r 



344 


OBSERVAHONS AND COLLECTIONS AT SEA 


adequate. Instead, the hydrographic cable and winch, or even the heavy 
winch, must be used for this purpose. The amount of weight attached 
to the end of the wire rope or mounted on the bottomnsampling device 
depends upon the strength of the cable, the depth of water (hence, the 
weight of wire suspended in the water), and in many cases upon the type 
of sampling device. It must be sufficient, when the weight itself reaches 
the bottom, to permit the detection of the reduced load by means of the 
motion of the accmnulator, dynamometer, or other device. Unless 
the winch is stopped immediately, the wireyope will pile up on the 
bottom and will be badly tangled or kinked when hauled in again. If 
iron weights are used, they may be dropped by a release mechanism 
when striking the bottom, but, if lead weights are used, they are per- 
mwently secured. For sounding with ^ 2 -inch steel rope, about 50 
lb must be attached to the end of the cable for depths less than 1000 m, 
and for depths of about 4000 m, double the amount of lead is needed. 

An unprotected reversing thermometer for measuring pressure, used 
in conjunction with a protected reversing thermometer and attached to 
the sounding wire some 50 m above the weight, is sometimes used as a 
check on the depth (p. 351). 

Bottom-Sampling Devices 

Devices used for collecting specimens of the sea-bottom sediments 
depend upon the character of the deposit, the depth of water, and the 
strength of the wire rope available. Certain apparatus that is suitable 
for work in soft, cohesive sediments cannot be used where the bottom 
material is coarse-grained or where it is rocky. Similarly, other types 
that can be operated in shallow depths are too heavy for general u.se in 
deep water. Methods have been devised for sampling the superficial 
layers of the sediments, but since the Meteor Expedition, 1925-1927, 
greater emphasis has been placed upon obtaining core samples. Instru- 
ments are now in use that will take cores several meters long, and much 
thought is being given to the development of instruments that will take 
even longer samples. Unlike the equipment used in most of the other 
fields of oc.eanography, the devices for taking samples of the marine 
sediments are not standardized. Every investigator uses bis own type 
of bottom sampler, but all samplers are based on certain basic designs. 
Hough (1939) has listed and described the various types and gives an 
exhaustive bibliography. 

Bottom samplers used for oceanographic work fall into three general 
categories: dredges (drag buckets), snappers, and coring tubes. Dredges 
patterned after the naturalist dredge (fig. 89), but constructed of stronger 
material and with a chain-mesh bag, are used for procuring samples of 
rock wh«e the sea bottom is covered with rock fragments or where there 
are outcrops of solid rock. Smaller cylindrical dredges with solid bottoms 
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are sometimes used for collecting nonconsolidated material in relatively 
shallow water. Snapper samplers of the clamshell type have been widely 
used for obtaining samples of the superficial layers of tiie sedimmtts. 
The telegraph snapper (fig. 84) has been widely used, particularly in 
routine wire-sounding work by surveying vessels. The drawback to the 
use of this relatively simple de\’ice is that it 
takes so small a sample. The same principle 
has been employed in the Ross snapper, which 
will hold several hundred cubic centimeters of 
sediment. Other samplers of this general 
type have been devised for sampling the 
benthic fauna (fig. 89 and p. 375). The dis- 
advantage of the clamshell type of sampler is 
that its contents are likely to be washed out 
while it is being hauled to the surface. This 
is particularly true when it is used in areas 
where the bottom is sandy or contains coarse 
fragments, since a fragment caught in the 
jaws may prevent them from closing com- 
pletely. 

Coring devices (fig. 85) are epsentially long 
tubes that are driven into the sediment, either 
by their own momentum or by the discharge 
of an explosive. The latter principle is used 
in the coring instrument developed by Piggot 
(1936). A momentum-type coring instru- 
ment weighing about 600 lb with the weights 
attached will take cores up to about 5 m in 
length in soft sediments at depths as great as 
about 2000 m (Emery and Dietz, 1941), The 
Piggot coring tube has been used to take 
cores about 3 m long at depths greater than 
4000 m. In coarse-grained deposits the coring tubes are not capable of 
penetrating more than about 0.5 m. 

The momentum-type core sampler is allowed to run out freely when it 
approaches the bottom. The depth of penetration is determined by the 
weight of the instrument, the character of the sediment, the diameter 
of the tube, and the type of cutting nose. The factor that determines 
the size and type of coring tube which can be used on any wire rope is 
not the weight of the instrument alone, because the greatest strain 
is developed when the coring tube is pulled out of the sediment, and this 
may be several times the weight of the instrument. The Emery-Dietz 
samplm^ is constructed of galvanized iron pipe of 2- or 2.5-inch diameter. 
It is connected through a r^ucing coupling to a smaller pipe (m which the 
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Fig. 85. The Emery-Dietz core sampler. 
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weights are mounted. The reducing coupling is perforated to peimit the 
passage of water, and is sometimes fitted with a ball valve. The cutting 
nose is sharp, with a slightly smaUer internal diameter than the tube 
itself so as to reduce the internal wall friction and to hold in the inner 
liner, which further reduces the wall friction and facilitates the removal 
of the core samples. Inner liners are sheets of metal or celluloid rolled 
up and inserted in the pipe, or they are glass or metal pipes that are cut 
open after the sample is taken. In some coring devices a “core catcher” 
is fitted to the nose of the coring tube to prevent the core from sliding 
out of the tube after the instrument is raised from the bottom. The 
depth of penetration of coring tubes is generally considerably greater 
than the length of the sample obtained. The amount of “compaction” 
varies between about 25 and 50 per cent, depending upon the character- 
istics of the coring tube and the type of sediment. The nature of the 
compaction and the effects that it may have upon the stratification of 
the sample have been investigated by Emerj’ and Dietz (1941). Smaller 
instruments based on an original design by Ekman and developed by 
Trask (Hough, 1939), but of the same general type described above, can 
be used on fairly light gear and will take samples between 0.5 and 1.0 m 
in length. 

The care and treatment of bottom samples depend to a large extent 
upon the nature of the examinations that are to be made later (chapter 
XX). For most purposes it is sufficient to place the specimens in mason 
jars fitted with rubber washers. No preservative or additional water is 
necessary. Labels should be placed on the outside of the bottle, since 
mechanical abrasion and the activities of microorganisms may destroy 
or render illegible any paper in contact with the sediment sample. Core 
samples may be cut in sections and carefully placed in bottles, or the 
entire specimen may be kept in the inner liner. 

Temperature Measurements 

Three types of temperature-measuring devices are used in oceano- 
graphic work. Accurate thermometers of the standard type are employed 
for measuring the surface temperature when a sample of the surface 
water is taken with a bucket and for determining the subsurface tempera- 
tures when the water sample is taken with a thermally insulated sampling 
bottle (p. 354). The thermometers used for measuring temperatures 
at subsurface levels are of the reversing type and are generally mounted 
upon water-sampling bottles so that temperatures and the water sample 
for salinity or other chemical and physical tests are obtained at the same 
level. The third type are temperature-measuring instruments that give a 
continuous record, such as thermographs, which are employed at shore 
stations and on board vessels to record the temperature at some fixed, 
level at or near the sea surface. Many ’devices have been invented for 
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obtaining the temperature as a continuous function of depth, but most 
of these, for one reason or another, have proved impractical or of 



Fig. 86. Protected and unprotected 
reversing thermometers in set position, that 
is, before reversal. To the right is shown 
the constricted part of the capillary in set 
and reversed positions. 


insufScient accuracy. The 
bathythermograph (p. 3S2) 

developed by Spilhaus has over- 
come many of the difHculties 
that rendered previous designs 
ineffective. 

TI])p centigrade scale is the 
standard for the scientific in- 
vestigation of the sea. A high 
degree of accuracy is necessary 
in temperature measurements 
because of the relatively large 
effects that temperature has 
upon the density and other phys- 
ical properties and because of the 
extremely small variations in 
temperature found at great 
depths. Subsurface tempera- 
tures must be accurate*to with- 
in less than 0.05°C, and under 
certain circumstances to within 
0.01®. Such accuracy can be 
obtained only with well-made 
thermometers that have been 
carefully calibrated and re- 
checked from time to time. 
Because of the greater variability 
of conditions in the surface 
layers the standards of accuracy 
there need not be quite so high. 

Conventional-type thermom- 
eters for surface temperatures or 
for use with an insulated bottle 
must have an open scale that is 
easy to read, with divisions for 
every tenth of a degree. The 
scale should preferably be etched 
upon the glass of the capillary. 
The thermometer should be of 


small thermtd capacity in order to attain equilibrium rapidly; it should 


also be checked for calibration errors at a number of points on the scale by 


comparison with a thermometer of known accuracy, and it should be read 


OBSBtVATIONS AND COLLECTION$ AT SEA 


349 


with the soele immersed to the hei^t of tiie mercury cohimu. Obsem^ 
tions of surface temperatures made upon bucket flamplgw diould be 
obtained immediately after the sample is taken; otherwise, heating or 
cooling of the water sample by radiation, conduction, and evaporation 
may have a measurable effect upon the temperature. Surface tempera- 
tures obtained in this way represent the conditions in, approximately, 
the upper 1 m of water. Samples taken from a vessel must be obtained 
as far away as postible from any discharge outlets from the hull, and, 
if the vessel is under way, they should be taken near the bow so as to 
avoid the churned-up water of the wake (Brooks, 1932). 

Protected Reversing Thermometers. Reversing thermometers 
(fig. 86) are usually mounted upon the water-sampling bottles (fig. 87), 
but they may be mounted in reversing frames and used independently. 
Reversing thermometers were first introduced by Negretti and Zambra 
(London) in 1874, and since that time have been improved, so that well- 
made instruments are now accurate to within 0 01°C. On the Challenger 
Expedition, 1873-1876, the subsurface temperatures were measured by 
means of minimum thermometers, which were the most satisfactory 
instrument available at that time. 

A reversing thermometer is essentially a double-ended thermometer. 
It is sent down to the required depth in the set position, and in this 
position it consists of a large reservoir of mercury coimected by means 
of a fine capillary to a smaller bulb at the upper end. Just above the 
large reservoir the capillary is constricted and branched, with a small 
arm, and above this the thermometer tube is bent m a loop, from which 
it continues straight and terminates in the smaller bulb. The ther- 
mometer is so constructed *hat in the set position mercury fills the 
reservoir, the capillary, and part of the bulb. The amount of mercury 
above the constriction depends upon the temperature, and, when the 
thermometer is reversed, by turning through 180 degrees, the mercury 
column breaks at the point of constriction and runs down, filling the bulb 
and part of the graduated capillary, and thus indicating the temperature 
at reversal. The loop in the capillary, which is generally of enlarged 
diameter, is designed to trap any mercury that is forced past the con- 
striction if the temperature is raised after the thermometer has been 
reversed. In order to correct the reading for the changes resulting from 
differences between the temperature at reversal and the surrounding 
temperature at the time of reading, a small standard-type thermometer, 
knqwn as the auxiliary thermometer, is mounted alongmde the reverting 
thermometer. The reversing thermometer and the auxiliary ther- 
mometer are enclosed in a heavy glass tube that is partially evacuated 
except for the portion surrounding the reservoir of the reverting ther- 
mometer, and this part is filled with mercury to serve as a thermal 
between the surroundings and the reservoir. Betides protect- 
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ing the thermometer from damage, the tube is an essential part of the 
device, because it eliminates the effect of hydrostatic pressure. 

Readings obtained by reversing thermometers must be corrected 
for the changes due to differences between the temperature at reversal 
and the temperature at which the thermometer is read, and for calibration 
errors. An equation developed by Schumacher is commonly used for 
correction: 

(r - i){r + Fo)l r, . (.r - t){r + Vo) 

K + 

AT is the correction to be added algebraically to the uncorrected reading 
of the reversing thermometer, T', t is the temperature at which the 
instrument is read, Vo is the volume of the small bulb and of the capillary 
up to the 0°C graduation expressed in terms of degree units of the capil- 
lary, and Kis& constant depending upon the relative thermal expansion 
of mercury and the type of glass used in the thermometer. For most 
reversing thermometers, K has the value 6100. The term I is the calibra- 
tion correction, which depends upon the value of T'. Where there are 
large numbers of observations to be corrected, it is convenient to prepare 
graphs or tables for each thermometer from which the value of AT can 
be obtained for any values of T' and t and in which the calibratTon cor- 
rection is included. 

Reversing thermometers are usually used in pairs, most commonly 
attached to the water-sampling bottles, but they may be mounted in 
special reversing frames that are either operated by messenger or that 
have a propeller release. The frames holding the thermometers arc 
brass tubes which have been cut away so that the scale is visible and 
which are perforated around the reservoir. The ends of the tubes are 
fitted with coil springs or packed with sponge rubber so that the ther- 
mometers are firmly held but are not subject to strains. 

Unprotected Reversinq Thermometers. Reversing thermomoU'rs 
identical in de«gn with those previously described but having an open 
protective tube are employed to determine the depths of sampling 
(fig. 86). Because of the difference in the compressibility of glass and 
mercury, thermometers subjected to pressure give a fictitious “tempera- 
ture" reading that is dependent upon the temperature and the pressure. 
This characteristic is utilized for determining the depth of reversal. 
Instruments used for this purpose are so designed that the apparent 
temperature increase due to the hydrostatic pressure is about 0.01°C/m. 
An unprotected thermometer is always paired with a protected ther- 
mometer, by means of which the temperature in situ, T^, is determined. 
When Tv, has been obtained by correcting the readings of the protected 
thermometer, the correction to be added to the reading of the unpro- 
tected thermometer, T', can be obtained from the equation 
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Ti and tu are the readings of the unprotected reversing thermometer 
and its auxiliary thermometer, and I is the calibration correction. The 
difference between the corrected reading of the unprotected thermometer, 
r«, and the corrected reading of the protected thermometer, Tu, repre- 
sents the effect of the hydrostatic pressure at the depth of reversal. 
The depth of reversal is calculated from the expression 

D(meters) = 

where Q is the pressure constant for the individual thermometer, which 
is expressed in degrees increase in apparent temperature due to a pressure 
increase of 0.1 kg/cm*, and where pm is the mean density in situ of the 
overlying water For work within any limited area it is usually adequate 
to establish a set of standard mean densities for use at different levels. 
Depths obtained by means of unprotected thermometers are of the 
greatest value when the wire rope holding the thermometers is not vertical 
m the water. When serial observations are made, unprotected ther- 
mometers should be placed on the lowest sampling bottle and, if possible, 
one on an intermediate bottle and one near the top of the cast (p. 356). 
The probable error of depths obtained by unprotected thermometers is 
about ±5 m for depths less than about 1000 m, and at greater depths it 
amounts to about 0.5 per cent of the wire depth. Wust (1933) has pre- 
sented a detailed examination of the results of wire soundings, sonic 
depths, and depths measured by unprotected thermometers on the Meteor 
Expedition 

Special Devices. Temperatures measured by the methods men- 
tioned above yield observations at dis-'rete points in space and time. 
Subsurface observations with reversing thermometers are time consuming 
and the instruments and equipment are expensive Many devices 
have been suggested for obtaining continuous observations at selected 
levels or as a function of depth. Thermographs are commonly used 
at shore stations and on vessels to obtain a continuous records at or 
near the sea surface. The thermometer bulb, usually containing mer- 
cury, is mounted on the ship’s hull or In one of the intake pipes and 
connected to the recording mechanism by a fine capillary. The recording 
mechanism traces the temperature on a paper-covered revolving drum. 
Kecords of temperatures obtained by a thermograph should be checked 
at frequent intervals against temperatures obtained in some other way . 

Various types of electrical-resistance thermometers have been designed 
to be lowered into the water and to give a continuous reading, but 
have not proved satisfactory. Spilhaus (1938, 1940) has developed an 
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instrumoit called a bathythermograph which can be used to obtain a 
record of traaperature as a function of depth in l^e upper ISO m, where 
the most pronounced vertical changes are usually found. The tempera- 
ture-sensitive part activates a bourdon-type element that moves a 
pen resting against a small smoked-glass slide, which in turn is moved 
by a pressure-responsive element. As the instrument is lowered into 
the water and raised again, the pen traces temperature against pressure 
(hence, depth). This device has the great advantage that it can be 
operated at frequent intervals while under w^, and thus a very detailed 
picture of the temperature distribution in the upper 150 m can be rapidly 
obtained. Mosby (1940) has devised an instrument called a thermo- 
sounder for measuring temperature against depth which can be used for 
observations to great depths. The thermal element, mounted on an 
invar-steel frame, is a 75-cm length of specially treated brass wire 
attached to a pen that makes a trace upon a circular slide. The slide 
is slowly turned by means of a propeller as the instrument is lowered 
through the water. 

Water-Sampling Devices 

The types of water-sampling devices that will be described are those 
that are intended for taking samples at subsurface levels for physical 
and chemical studies. Samples for the enumeration of phytd{>lankton 
and for bacteriological examination may be obtained with these 
instruments, but for such purposes specially designed samplers are more 
commonly used. A water sampler for collecting at subsurface levels 
is so designed that it can be closed watertight at any desired depth, and 
thus the enclosed sample is not contaminated by water at higher levels 
or lost by leakage after the bottle is brought on board. Because of the 
great pressures encountered in deep water the sampling bottles are sent 
down open and then closed at the required depths by means of messengers 
or propeller releases. To expedite work at sea, water-sampling devices 
are used in series — that is, with more than one bottle on the wire rope 
so that samples can be taken at a number of depths on the same cast. 
As it is essential that temperatures and water samples be taken at the 
same depths, the water-sampling bottles are fitted with frames in which 
one or more reversing thermometers are placed. An exception to this 
is the insulated Pettersson-Nansen bottle, which can be used for the 
upper few hundred meters (p. 354). Water-sampling devices must be 
constructed of noncorrosive materials that will reduce contamination of 
the water samples to a minimum. The bottles are usually made of brass, 
plated inside witii tin or silver or coated with a special lacquer. For 
removing tiie water sample they are fitted with a drain cock and an air 
vent. To be clearly visible when hauling in, the bottles should be painted 
white. Many types of sampling bottles have been invented, but the 
rigorous working conditions and the desirable features that have been 




Fig.^ 87. The Nansen reversing wate/ bottle. Le/i: Before revening; fi»t 
tnessenger approaches releasing mechanism. Middle: Bottle reveihing; first messen- 
ger has released the second. In reversed position. 
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listed above have reduced the types in general use to only a few of simple 
but rugged design. 

Messengers are essential for the operation of many types of oceano- 
graphic equipment. Although their sise and shape will vary for different 
types of apparatus, tihey are essentially wei^ts which are drilled out so 
that they will slide down the wire rope. In order to remove or attach 
them they are either hinged or slotted. The speed of travel depends 
upon the shape and weight of the messenger and upon the wire angle 
(the angle the wire rope makes with the vei^tical). With no wire angle 
the messengers used with the Nansen bottles travel approximately 
200 m per minute. 

Water-sampling devices are of two general types, dep>ending upon 
the method of closing, which may be accomplished by means of plug 
valves or by plates seated in rubber. The Nansen bottle, an example of 
the first type, is the one most widely used in oceanographic research. 
The Ekman bottle is of the second type. 

The Nansen bottle (fig. 87) is a reversing bottle fitted with <wo plug 
valves and holding about 1200 ml. The two valves, one on each end of 
the brass cylinder, are operated synchronously by means of a connecting 
rod fastened to the clamp that secures the bottle to the wire rope. When 
the bottle is lowered, this clamp is at the lower end, and the sralvcs an* 
in the open position so that the water can pass through the botth'. 
The bottle is held in this position by the release mechanism, which 
passes around the wire rope, but, when a messenger sent down the rcjpe 
strikes the release, the bottle falls over and turns through 180 degrees, 
shuts the valves, which are then held closed by a locking device, and 
reverses the attached thermometers. After reversing the bottle, th«* 
messenger releases another messenger that was attached to the wire 
clamp before lowering. This second me.ssenger closes the next lower 
bottle, releasing a third messenger, and so on. 

The Ekman bottle, which can also be operated in .series, consists 
of a cylindrical tube and top and bottom plates fitted with rubber gaskets. 
The moving parts are suspended in a frame attached to the virc r()pc, 
and, when the instrument is lowered, the water can pass freely through 
the cylinder. When struck by a me.s.senger the catch is released and the 
cylinder turns through 180 degrees, thereby pressing the end platch 
securely against the cylinder and enclosing the water sample. Reversing 
thermometers are mounted on the cylinder. 

Thermally insulated bottles such as that of Pettersson-Nansen 
(for illustration, see Murray and Hjort, 1912) consist of several rigidly 
fixed concentric cylinders each of which is fitted with end plates. When 
these plates are shut, a series of water samples are isolated one within 
the other. The outermost cylinder and end plates are constructed of 
brass and ebonite, the inner ones of brass and celluloid, the cylinders 
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and end plates being mounted on a frame. In open position there is 
space between the cylinders and the upper and lower end plates, but, 
when the catch is struck by the messenger, the cylinders and the upper 
plate slide down, the cylinders are pressed against the lower end plate, 
and the upper one seals the bottle. Owing to its construction the bottle 
must be attached to the end of the wire rope. The temperature at the 
depth of sampling is determined by a thermometer inserted in the inner- 
most cylinder. Corrections must be applied for adiabatic cooling and, 
under extreme conditions, for heat conduction. 

On the Meteor Expeuition a glass-lined sampling bottle with a capacity 
of 4 1 was used to collect large samples with a minimum of contamination. 
This bottle was attached to the end of the >\ire rope, the closing mecha- 
nism being similar to tliat used for the insulated bottle. A special 
mounting that reversed when the bottle was closed was provided for 
thermometers (Wust, 1932) 

In connection with wire sounding and bottom sampling, it is often 
desirable to obtain the temperature and the w^ater samples close to the 
bottom and, as an added check, to obtain the depth by means of an 
unprotected thermometer In order to avoid waiting for a messenger to 
travel all the way to the liottom, possibly one half hour or more, special 
sampling devices activated by propeller releases are used (Soule, 1932; 
Parker, 1932) These are u&uaPy reversing bottles in which the release 
pin IS attached to a propeller When the apparatus is being lowered, 
the propeller holds the pin in place, but, as soon as hauling in is com- 
menced, the propeller rotate.s and withdraws the pin 

Spilhaus (1940) has devised a multiple sampler consisting of six small 
valve-closing bottles that can be closed individually at predetermined 
depths by releases which are activated by the hydrostatic pressure. 
The instrument w’^as designed to be used in conjunction with the bathy- 
thermograph (p. 352) from a vessel wh’le under way. 

The general procedure for taking water samples and temperatures 
bv means of Nansen bottles or other serial sampling devices is as follows. 
In order to keep the wire rope taut and to reduce the wdre angle, a stray 
weight is attached to the end of the wire rope, usually of 50 to 100 lb, 
depending upon the size of the rope, the deiiths at which observations 
are to be taken, and the general working conditions. A certain amount 
of the wire rope (25 to 50 m) is then p'.'ed out so that the W'eight will 
not strike the ship when the bottom bottle is being attached or detached, 
and also to reduce the possibility of damaging the bottle if the weight 
strikes bottom. 

The depth at which samples are to be collected should be planned 
before the cast is begun. The first bottle, adjusted to the set position, 
is then attached to the wire rope, the thermometers are checked, and the 
meter wheel is set at zero. When the wire has been lowered the required 
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amount, the second bottle is attached. To operate the bottles, mes- 
sengers must be attached to the messenger releases on the second bottle 
and on all those above. The number of bottles attached on a single 
cast is determined by the strength of the vdre and by the operating condi- 
tions. Up to twelve or more are sometimes used at one time. After 
all the bottles have been attached at appropriate intervals, they are 
lowered to the required depths. Since the meter wheel was set at aero 
when the first bottle was attached, the entire cast must be lowered by an 
amount equal to the distance between the sea ^surface and the height at 
which the bottles were put on. After the bottles are lowered to the 
required depths, they are allowed to remain there for about 10 minutes 
to permit the thermometers to reach the temperatures of their surround- 
ings, and then the messenger is dropped. If the bottles are located at 
depths of less than about 500 m, their proper functioning may be checked 
by touching the wire, as it is usually possible to feel the jerks when the 
messengers strike the bottles. When the samples are taken at great 
depths or when the wire angle is large, it is impossible to feel the jerks, 
and therefore sufiicient time must be allowed for the messengers to travel 
to the deepest bottle before hauling in. When the wire angle is large, 
the slower rate of travel of the messenger must be taken into considera- 
tion. The wire is then hauled in and the bottles are removed an(i placed 
in their rack in the deck laboratory, care being taken to avoid turning 
the bottles from the reversed position, since the reversing thermometers 
may set themselves again. 

Just before the messenger is released the wire angle should be esti- 
mated or measured. Knowledge of the wire angle is useful when deter- 
mining the depth of sampling, as will be shown later. 

Certain accessories are necessary when handling water-sampling 
bottles. As a safety measure a light line with a harness snap should be 
attached to the rail. This line is snapped on the bottle before it is hdnded 
to the operator on the working platform and is not removed until the 
bottle is firmly clamped on the wire rope. It is also attached when 
removing the bottle. To hold the wire rope steady and close to the 
platform a short line with a large hook should be attached to the plat- 
form. The hook is placed on the wire rope when instruments are being 
attached to it or removed from it. When the vessel is drifting with 
wind or surface currents, the wire will not hang vertically and will some- 
times trail so far away that the wire angle may be as much as 60 or 60 
degrees. Under these circumstances the wire rope must be pulled in by 
means of a boat hook or block and tackle in order to attach the hook. 

Because of the larger vertical gradients in the distribution of proper- 
ties in the upper layers, observations are taken at relatively close inter- 
vals near the surface and at increasingly larger intervids at greater 
depths. The International Association of Physical Oceanography, 
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in 1936, proposed the following standard depths at which observations 
should be obtained directly or by interpolation from the di8triba1i(tt at 
other levels. The lower limit is determined by the depth of water or the 
plan of operations. The standard depths, in meters, are: surface, 10, 20, 
30, 60, 75, 100, 160, 200, (250), 300, 400, 500, 600, (700), 800, 1000, 
1200, 1500, 2000, 2500, 3000, 4000, and thereafter by 1000-m intervals 
to the bottom. The depths in parentheses are optional. In addition 
to observations at standard depths, it is often desirable to obtain tempera* 
lures and water samples close to the bottom. In deep water this usually 
means withm about 50 m of the bottom, but in moderate and shallow 
depths it may be much less, depending upon the bottom topography 
and the working conditions. 

TREATMENT AND ANALYSIS OF SERIAL OBSERVATIONS 

After a number of temperature observations, salinity determinations, 
or other analyses have been made, it is necessary to eliminate those 
values that are in error and to put the data into a convenient form to 
make them readily comparable with other material of a similar character. 
The methods by which observations obtained with reversing ther- 
mometers are corrected to yield the temperatures in situ and by which 
the depths of sampling can be computed from the readings of unprotected 
thermometers have been described on preceding pages. The deter- 
mination of salinity by chlorinity titration and other methods is dis- 
cussed in chapter III. In addition, numerous chemical teste and 
analyses may be made on the water samples by methods listed in chapter 
VI. After the temperature in situ and the thermometric depths have 
been calculated, the observational data are generally listed on a summary 
sheet which shows the follown.g information about each water sample: 
wire depth of each sampling instrument (the amount of wire rope between 
the surface and the sampling device), n-ire angle for each cast, tempera- 
ture in situ (the corrected protected thermometer reading, or, if two 
thermometers were attached to the bottle, the average), depth of sam- 
pling as computed from the unprotected thermometer (these are usually 
not attached to each bottle), chlorinity, salinity, and other analyses 
that have been made. 

The next step in the analysis of serial oceanographic observations 
IS to establish the depths of sampling. \ considerable amount of per- 
sonal judgment enters, and this can be improved only by general 6:q)eri- 
ence, knowledge of the area in which observations were made, and 
familiarity with the behavior of individual instruments. The general 
procedure that must be followed is somewhat as follows: (1) if there was 
any error in the meter wheel, the necessary corrections must be applied 
to the meter-wheel readings; (2) if the wire angle was 6 degrees or less, 
the depths of fw-mpling can be taken as equal to the wire depths as 
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obtained from the corrected readings of tibte meter wheel; (3) if tiie wire 
an^ was greater than 5 degrees, the ratio of the wire depth to the 
thermometiic depth at those levels where unprotected thermometers 
were used is calculated. If the wire angle was small and the cast shallow, 
tiiese ratios will be virtually constant, and the average of the ratios 
obtained from any single cast may then be used to arrive at the depths 
of sampling for all instruments on that cast. If the wire angle was 
large or the cast deep, the ratio will usually be found to increase with 
increasing depth. This increase indicates that the wire rope approaches 
the vertical at greater depths, and under sUch circumstances a ratio 
that changes with wire depth must be used. In extreme cases the 
'‘wire curve” may be plotted-. The wire curve, which is the actual form 
assumed by the wire in the water, is constructed from the thermometric 
depths, the -wire angle, and the amount of wire between the sampling 
bottles. In all cases the accepted depths arrived at in the above manner 
should be examined to see that the distances between sampling bottles 
are compatible with the wire distance between them. The above method 
of treatment presupposes that the observations are themselves valid. 
If, for any reason, the thennometers did not function properly or if the 
reversing bottles closed when lowering, the thermometric depths may 
not be correct and the results must be discarded. 

After the accepted depths have been decided upon, the next step 
in the analysis of the observations is to plot vertical distribution curves. 
In one diagram, one of the observed properties may be plotted as a 
function of depth at a number of stations, or all of the observed properties 
at a single station may be plotted. From such curves it is often possible 
to detect those samples that are incorrect because of faulty functioning 
of the thermometers or because the water-sampling device closed pre- 
maturely or leaked when being hauled up. From the vertical distribution 
curves the following data are taken: (1) the interpolated valUes at 
standard depths, and (2) the depths of selected values of a given 
property at a number of stations. These data are necessary in order to 
construct vertical sections of the distribution of any property. 

Besides the vertical distribution curves, it is common practice to 
prepare other plots of various kinds which serve either to detect errors 
or to bring out characteristic features of the data. One of the most 
common of these is the temperature-salinity curve {T-S curve), in which 
the corresponding values of temperature and salinity from a single 
station are plotted in a graph, with temperature and salinity as the 
coordinates, and are then joined by a curve in order of increasing depth. 
In any given area the shape of the T-8 curve has a fairly definite form, 
and hence errors in observation may sometimes be detected from such a 
graph. Many other uses of graphs of this nature are discussed in chapter 
V. Similar constructions can be used for the other serial data whenever 
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any two kinds of observations may be plotted against each othw. After 
interpolated values have been read from the vertical distribution curves, 
they too should be entered upon such diagrams, and, if the points cor- 
responding to any interpolated depth do not fit the previously con- 
structed curve, certain adjustments in the construction of the vertical 
distribution curve may be necessary. 

The interpolated values of temperature and salinity at standard 
depths are obtained before the density, specific volume anomaly, and 
other calculations based upon these data are made (see chapter III). 
As a check upon the correctness of the data, it is often advisable to plot 
the vertieal distribution of density (a,) and the specific volume anomalies 
for each station as functions of depth. 

Various types of distribution diagrams may be prepared from the 
serial observations, many of which are shown elsewhere in this volume, 
particularly in chapter XV. 

The interpretation of serial oceanographic observations depends 
so much on the nature of the data, the distribution of observations in 
space and time, and the characteristic features of the region under 
investigation that it is impossible to attempt to formulate any “system” 
of analysis Only from a knowledge of oceanographic problems and of 
the significance of the various kinds of data can the most fruitful method 
of attack be decided upon in any given investigation. The development 
of new theories and new viewpoints may invalidate earlier conclusions, 
but the observational data remain valid if they have met the required 
standards of accuracy. 


OBSERVATIONS OF TIDES 

Observations of the tides are necessary to establish reference levels 
for depths and elevations, for reducing soundings to the local reference 
level (p. JO), for the preparation of tables of predicted tides for use in 
navigation, and to furthei the .scientific study of tidal phenomena. The 
rise and fall of the sea surface associated with lidal movements is dis- 
cussed in chapter XIV, where it is shown that in any locality the range 
of tide, character of tide, and time of tide with reference to the meridional 
passage of the moon must be obtained by observation. When adequate 
data are assembled, the tides at that locality may be predicted with 
great accuracy. 

The essential data are a series of measurements of the elevation of 
the sea surface at certain time intervals referred to a standard time 
system, and from these measurements the rise and fall of the sea surface 
associated with the tide may be plotted as a function of time. In all 
such studies the elevations must be referred to one or more bench marks, 
which may or may not be connected with other points of tide observa- 
tions by accurate leveling. Bench marks are necessary so that the 
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measurements of elevation, mean sea level and other reference planes 
may be referred to some arbitrary standard. If the difference in eleva- 
tion between the bench marks at two stations is known, the departure 
of the true sea level from the ideal sea level can be obtained (p. 458). 

The simplest device for measuring the rise and fall of the tide on shore 
is a tide sta#. A tide staff is a stout plank that is graduated in feet and 
tenths of feet or according to the metric system and which is securely 
fastened to some permanent structure such as a rocky cliff, cement dock, 
or piling. It must be of sufficient length to 4^tend above the highest 
tide and below the lowest tide. The graduation must be adjusted with 
reference to the bench mark, so that if the staff is removed for repairs or 
replaced, the readings can be referred to a common base. If observations 
are made every hour, a complete marigram (tide curve) can be constructed, 
but in many cases observations are made only at certain selected tunes 
of the day, or only high and low water are measured. By comparison 
with the conditions at nearby stations, such random observations are 
sufficient to determine the character of the local tide. The tide staff 
is quite accurate in protected water where the waves are small, but on an 
open coast waves and swells may make it difficult to obtain accurate 
observations (Rud4, 1928). 

In localities where waves cause difficulties, tape gauges are Qsed for 
visual observations. A float is suspended in a well, commonly a large 
pipe with small openings below the lowest tide level, and attached 
to the float is a graduated tape that passes over a pulley, a counter- 
weight being on the other end. The rise and fall of the surface due to 
waves is largely eliminated, and the tape may then be read with reference 
to some arbitrary level at appropriate time intervals (Rud6, 1928). 

The principle of the tape gauge may be adapted for obtaining a 
continuous automatic record of the tide level. In the standard auto- 
matic f auge used by the U. S. Coast and Geodetic Survey (Rud4, 1928), 
the float, which is suspended in a well, is attached to a wire that turns a 
pulley mounted on a threaded rod. As the puUey turns, a carriage with 
a pencil moves back and forth along the threaded rod that is mounted 
at right angles to a clockwork-driven roller carrying a sheet of paper. 
The paper is driven ahead about one inch per hour, and the device thus 
traces the marigram automatically. Suitable reduction is obtiuned by 
varying the sise of the pulley and the pitch of the threaded rod. An 
accurate clock makes a special mark every hour, and a fixed pendl 
traces a reference line. Short-period waves are largely eliminated because 
of the damping in the well, but seiches and disturbances of the sea surface 
lasting several minutes or more are recorded (p. 642). From the mari- 
gram the hourly heights and the levels and times of high and low water 
are eatily read off. The standard gauge carries enough paper for one 
month, but the clocks must be wound once a week, and each day the 
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instrument must be checked against a staff or tape gauge to ascertain 
whether it is functioning properly and to make sure that the holes 
in the float well are free from seaweed and other detritus. A portable 
recording unit that can be used by field parties is operated on the same 
principle. 

The devices so far described can be used only on shore or where some 
rigid structure extends above the sea surface. Many types of pressure- 
recording devices for use on the sea bottom have been designed. In 
some the pressure element only is placed below the sea surface, with the 
recording device on land; in others, such as those to be used far from 
shore, the recording device is an integral part of the instrument, which 
may be placed on the sea floor or anchored and left in position for a week 
or more. Such open-sea tidal recorders are not beyond the experimental 
stage. Descriptions of the various types may be found in the Hydros 
graphic Review. The character of the tide over shoals in the open 
sea may be detenmned from an anchored ship by means of repeated 
wire or sonic soundings, if the bottom is flat enough to warrant such 
observations. 


DEEP-SEA ANCHORING 

Oceanographic vessels are sometimes anchored in deep water for 
periods ranging from part of a day to as much as tw o weeks for the purpose 
of measuring currents at subsurface levels and for obtaining repeated 
observations on the vertical distribution of properties at a single locality. 
Such observations arc made to confirm the validity of currents computed 
from the distribution of dfnsitv and to obtain measurements of the 
water movements associated with the tides, internal waves, and other 
periodic and aperiodic disturbances. Knowledge of the fluctuations in 
the vertical distribution of properti* =; is valuable in establishing the 
significance of single sets of observations and in the analysis of the 
character of internal disturbances. 

For the accurate measurement of currents a fixed point of suspension 
is required, but this condition cannot be fulfilled by a vessel anchored 
in depths of several thousand meters. Not only does the vessel swing 
in a relatively large arc, but it also tends to ride up on the cable and 
then fall away again In addition, the anchor usually drags somewhat 
in the soft bottom. So far, it has not proved practical to anchor in 
deep water with more than one cable. In order to eliminate as far as 
possible the effect of the vessel’s movements on the current measurements, 
the tanninn on the Cable is noted, detailed records are made of the direc- 
tion and velocity of the wind and surface currents, and numerous astro- 
nomic fives are taken. The movements of the anchored vessd are 
generally not rigmficant when mal^g repeated serial observatimia to 
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determine the character of local fluctuations in the vertical distribution 
of properties. 

The first vessel to be anchoied successfully at great depths was the 
U.S. Coast and Geodetic Survey steamer Blake, which in 1888-1889, 
under the command of Lieutenant J. E. Pillsbury, carried out studies of 
the Gulf Stream (Pillsbury, 1891). The Blake was anchored at thirty- 
nine localities in depths as great as 4000 m, where currents were measured 
and subsurface temperatures were determined. Under the direction of 
Helland-Hansen the Michael Sara and Artnuuer Haneen have been 
anchored at great depths in the North Atlantic', and other vessels have 
since been anchored at great depths elsewhere. The Meteor (Spiess, 
1932b), Willdtrord SneUiua (Perks, in Pinke, 1938), and AttarUie (Seiwell, 
1940) have all anchored in depths greater than 4500 m for periods of 
from several hours to as much as two weeks. The greatest depth in 
which a vessel has been anchored is about 5500 m, at which depth the 
Meteor anchored for two days. 

Because of the weight of the wire rope suspended in the water, 
extremely strong hoisting gear and deck fittings are required. The wire 
ropes are generally tapered multistrand steel ropes of a special non- 
kinking type. Some have hemp cores for part of their length. The 
ropes used on the Blake, Meteor, and SneUiua had a diaraeter^at the 
free end of about % inch, which increased to about % inch at the winch 
end. Near the anchor, manila rope, chain, or special cable is used to 
avoid kinking the wire rope on the bottom. Various types of anchors 
have been used, either singly or in pairs, which weigh between 400 and 
500 lb. The anchors are either of standard patterns with somewhat 
enlarged flukes or they are of the mushroom type. The weight of the 
anchors is apparently not very important. 'Lhe E. W. Scrippa has 
anchored successfully in depths of about 1600 m using a Danforth 
anchor weighing only 40 lb. The hoisting is usually done with a hteam- 
or power-driven capstan head of large diameter, the wire rope being 
wound under tension on a winch drum. As the strains may exceed 
several tons, all fittings must be of stout construction. The wire rope is 
usually led through an accumulator to ease sudden strains, over a dyna- 
mometer, through a braking device, and then over a large pulley or roller 
mounted on the bow. A meter wheel is necessary to measure the amount 
of rope payed out. The equipment and its use are described in the 
references already cited. 

When anchored in the strong current of the Gulf Stream, the Blake 
used a scope (ratio between the amount of wire rope payed out and the 
depth of water) of two or three, but for anchoring in the open sea scopes 
between 1.1 and 1.6 have been used. The smaller the scope, the less 
will be the movement of the vessel, but the surface current and the wind 
and sea wiU determine the needed scope. 
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CURRENT MEASUREMENTS 

The ocean currents are complicated because, superimposed upon 
the major currents that transport enormous masses of water, there are 
irregular eddies that may reach to great depths, wind currents that are 
confined to the surface layers, and tidal currents or currents associated 
with internal waves which are present at all depths between the surface, 
and the bottom but which change periodically. In many instances the 
major currents cannot be directly measured, but conclusions as to their 
directions and velocities must be based on the application of the laws of 
hydrodynamics to the observed distribution of density. The methods 
used in such studies are dealt with in chapter XIII. Here will be dis- 
cussed only the methods for direct observation, and these can be con- 
veniently classified into two groups: drift methods and flow methods. An 
excellent summary of all methods and a description of instruments used 
have been prepared by Thorade (1933). 

In scientific literature the velocity of a current is given in centimeters 
p('r second (cm/sec) or occasionally in meters per second (m/sec), but 
in publications on navigation the velocity is stated in knots (nautical 
miles per hour) or in nautical miles per 24 hours. The term “knots'' 
dates back to the time of the sailing vessels when the speed of the vessel 
was measured by chip log, log line, and sand glass. Along the log line 
distances from a zero mark were shown by short strings provided with 
knots. On the first string was tied one knot, on the second two, and so 
on When the chip log was thrown overboard the log line would be 
pulled out and as the zero mark passed the rail the sand glass was turned. 
When the sand glass had run lown, the log line was stopped and the 
number of knots on the nearest string were counted. The sand glass 
and the distances between strings were adjusted to give the speed of the 
vessel in nautical miles per hour; thus the number of knots gave the 
speed in this unit — that is, in “knots." 

The direction is always given as the direction toward which the 
current flows, because a navigator is interested in knowing the direction in 
which his vessel is carried by the current. The direction is indicated by 
compass points (for example, NNW, SE), by degrees reckoned from north 
or south toward east or west (for example N 60® W , S 30®E) or in degrees 
from 0® to 360®, counting current towards north as 0® (or 360®) and cur- 
rent towards south as 180®. 


Drift Methods 

Information as to the general direction of surface currents is obtained 
from the drift of floating objects such as logs, wreckage from vessels, 
and fishermen’s implements. Thus, glass balls used by Japanese fisher- 
men and wrecked Chinese junks are sometimes found on the west coast 
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of the United States, and from these findings it is concluded that a current 
flows from west to east across the North Pacific Ocean. Another example 
is the recovery in July, 1884, from a drifting ice floe off southwestern 
Greenland, of equipment and documents from the ill-fated Jeanette, 
which on June 12, 1881, had been crushed in the ice to the east-northeast 
of the New Siberian Islands in lat. 77‘*17'N, long. 153*’42'E. The 
recovery of these objects established the fact that water extends from 
Siberia to Greenland, and, since the relics were picked up on a piece of 
floating ice, the average speed of the drift across this sea could be ascer- 
tained. In most instances, conclusions as to currents by the finding of 
accidental drifting objects are incomplete, because the locality and the 
time at which the drift started are not known, nor is it known how long 
the object might have been lying on the beach before discovery. It is 
also difficult to determine to what extent such drifting bodies have 
“sailed” through the water, being carried forward by winds. 

More than a century ago, in order to overcome such uncertainties, 
drift bottles were introduced. These arc weighted down with sand so 
that they will be nearly immersed, offering only a very small surface for 
the wind to act on, and they are carefully scaled. They contain cards 
giving the number of the bottle, which establishes the locality and time of 
release, and requesting the finder to fill in information as to place and 
time of finding and to send this information to a central office. 

In order further to insure reduction of the direct effect of the wind, 
drift bottles have sometimes bwjn provided with a kind of drift anchor — 
for example, a cross-shaped piece of sheet iron suspended about 1 m 
below the bottle. In other instances, two bottles have been used, one 
of which has been weighted so much that it is carried by the other, the 
connecting wire between the bottles being about 1 m long. Still other 
experiments have been conducted with two bottles, one containing a 
weak acid which in a given length of time corrodes a metal stopper, thus 
permitting the sea water to fill the bottle. When this takes place, the 
bottles sink to the bottom, where they are held^by a piece of sheet metal 
that acts as an anchor. This device has been used in the shallow waters 
of the North Sea, where bottom trawls arc used extensively by fishermen, 
who recover many of the bottles. 

The tTiterpretation of results of drift-bottle experiments presents 
difficulties. In general, a bottle has not followed a straight course from 
the place of release to the place of finding, and conclusions as to the 
probable drift must be guided by knowledge of the temperature and 
salinity distribution in the surface layers. Fairly accurate estimates of 
the average speed of the drift can be made if the bottle is picked up from 
the water, or if a special drift bottle is brought up from the bottom. 
Bottles that are picked up on frequented beaches can also be used for 
estimating the speed of the drift. Tait’s concltunons (1930) from the 
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results of drift-bottle experiments in the eastern North Sea afford an 
example of ingenious Interpretation. Numerous bottles thrown out 
rimultaneously in about lat. 57®N, long. 4“E were found on the coast of 
Jutland, the apparent time of drift in most cases being a multiple oS 
twenty days. Tait assumed that off Jutland there was an eddy, as 
indicated by the distribution of salinity, and that the time for completing 
one circuit in the eddy was about twenty days. If most of the bottles 
had been drawn into this eddy and had escaped after having completed 
one, two, or more circuits, the equal time intervals at which the bottles 
were washed up on the beaches would be accounted for. 

Drift Lotties have been used successfully for obtaining information 
as to surface currents over relatively large ocean areas, such as the 
equatorial part of the Atlantic Ocean (Defant, 1929, p. 34) and the seas 
around Japan (Uda, 1935). They have supplied numerous details in 
more enclosed seas like the English Channel and the North Sea (Fulton, 
1897 ; Carruthers, 1930; Tait, 1930), but have proved less successful off 
an open coast (Tibby, 1939). 

The drift method can also be used for obtaining information as to 
currents in a shorter time interval. The currents derived from ships’ 
records are determined by this method (p. 428) and give the average 
surface current in twenty-four hours or multiples of twenty-four hours. 
From an anchored vessel, say a lightship, the surface current can be 
determined either by a chip log (Bowditch, 1934, p. 11) or by drift buoys, 
below which, in general, there is a “current cross” acting as a sea anchor. 
This type of drift buoy was used on the Challenger. The latter methods 
give nearly instantaneous values of the surface currents at the place of 
observation. 

Near land the methods can be elaborated in such a manner that the 
drift of a body can be determined in detail over long distances and long 
periods. A drifting buoy can be followed by a vessel whose positions 
can be accurately established by bearings on known landmarks, or the 
buoy can be provided with a mast and the direction to the buoy can be 
observed. Its distance from a fixed locality can then be measured by a 
range finder. Both methods have been used successfully. The latter 
can also be employed in the open ocean by anchoring one buoy, setting 
another buoy adrift, and determining the bearing of and the distance to 
the drifting buoy from a ship that remains as close as possible to the 
anchored buoy. 

. Still another drift method has been used with advantage in order to 
determine the ice drift in shallow waters out of sight of land. The method 
consists in letting a weight drop so rapidly to the bottom that it sticks 
in the bottom mud. The time and the length of wire rope payed out 
are recorded, and then more wire rope is payed out according to the 
drift of the ke floe to which the vess^ is tied up. After a given length of 
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time the wire rope is tightened and the total length payed out is recorded 
as the weight is pulled out of the bottom mud. The direction of stray 
of the wire is also recorded, and from these data the drift of the ice can 
be computed. 

Flow Methods 

From an anchored vessel or float, currents can be measured by sta- 
tionary instruments past which the current flows, turning a propeller 
of some tjrpe or exerting a pressure that can be determined by various 
methods. The advantage of these instrumen|s is that observations 
need not be limited to the currents of the surface layers but can be 
extended to any depth. The obvious difficulty is to retain the instru- 
ment in a fixed locality so that the absolute flow of the water may be 
measured and not merely the flow relative to a moving instrument. In 
shallow water a vessel can be anchored so that the motion of the vessel 
is small enough to be insignificant or of such nature that it can be elimi- 
nated. In deep water, current measurements were first made from 
anchored boats, but in later years the technique of deep-sea anchoring 
has been advanced (p. 361) to such an extent that vessels like the Meteor, 
Armauer Hansen, and Attantis have remained anchored in depths of 
from 4000 to 5500 m for days and weeks. In other instanc'es, relative 
currents have been measured from slowly drifting veascls. 

Maintaining a vessel at anchor for a long time is expensive, and 
devices have therefore been developed for anchoring automatic recording 
current meters that can be left for weeks at a time (p. 370) Measure- 
ments of currents very close to the sea bottom cannot be made safely 
from an anchored vessel, no matter how securely it is kept in position, 
because an instrument suspended from the vessel cannot be retained at a 
constant distance from the bottom owing to the motion due to swells 
and tides. This difficulty was first overcome by Nansen, who lowered a 
tripod to the sea bottom and suspended a current meter from the top of 
the tripod. The same method was later used by Stetson (1937), Revelle 
and Fleming (p. 480), and Revelle and Shepard (in press). The latter 
suspended three current meters from the top of the tripod and thus were 
able to obtain simultaneous me^urements of currents at three levels 
within less than 2 m of the bottom. 

Current Meters 

Current meters differ in design, but all propeller or cup instruments 
have some device for counting the number of revolutions of the propellers 
or cups in a given time interval, a vane for orienting the meter in the 
direction of the current, and a more or less complicated mechanism for 
recording this direction, either relative to the magnetic meridian (by 
compass) or relative to some fixed plane (bifilar suspension). Instru- 
ments that measure the pressure may not have a vane, because the 
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direction can be obtained by the deflection of some kind of pendulum. 
An advantage of the propeller or cup instrument is that in general a 
linear relation exists between the velocity of the current^ and the 
number of revolutions per minute, n; 

V = a + 6n, 

where a and b are constants which must be determined by calibration 
for each instrument and for each propeller used in that instrument. 
For a well-balanced propeller running in the best bearings the constant 
a is about 0.6 cm/sec, but currents of velocities less than 2 cm/sec are 
not reliably recorded. The pressure exerted against surfaces facing the 
curnmt is more nearly proportional to the square of the velocity. The 
actual relationship between the velocity of the current and the indication 
of an instrument measuring pressure must be ascertained by calibration. 

Use of a compass for determining the direction of the current has the 
disadvantage that near a steel vessel a compass needle will be greatly 
influenced by the ship’s magnetism. The deviation due to the ship’s 
magnetism may be as much as 180"^; that is, off the side of a vessel a 
compass needle may be completely reversed. This deviation, which 
decreases rapidly with depth, depends upon the heading of the ship, the 
latitude, and the depth of the current meter. It changes with time 
because a great part of the ship’s magnetism is not permanent. It is a 
hopeless task to determine this deviation for all headings of the ship and 
all depths of measurement, and therefore a compass should not be used 
for observing directions from a steel vessel at depths of less than 60 m. 
Even from wooden vessels directions by compass have to be carefully 
examined, particularly if the pth is less than 20 m For the upper 
layers, a bifilar suspension is recommended with an arrangement for 
recording the direction of the current relative to the orientation of the 
bifilar frame, which again can be detennined by means of the ship’s 
heading. A compass instrument can be used near the surface from an 
anchored boat, particularly if a manila rope is used for anchoring and 
not a steel rope or an anchor chain. 

All propeller and cup instruments suffer from the disadvantage that 
drifting material may impede the motion of the screw or stop it com- 
pletely. Instruments designed to be leH in position for a long time 
should be checked at frequent intervals to insure perfect functioning. 
It should also be borne in mind that jellyfish or similar organisms may 
be caught on the wire rope and prevent a messenger from passing. 

Owing to its simplicity and reliability, the Ekman current meter 
(Ekman, 1906, 1932) has been and still is widely used. This instrument 
is described in detail below The greatest disadvantage of the Ekman 
meter is that only one instrument can be attached to the wire and that 
it has to be hauled up to be read after each period in which the propeller 
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has been free to turn. In order to facilitate work at great depths, 
Ekman constructed a more complicated repeating current meter, the 
propeller of which can be rdieased and arrested by messengers. Thus a 
series of obeervationB can be obtained before the instrument has to be 
hauled up, either at one and the same depth or at a number of different 
depths. At the Scripps Institution of Oceanography, C. A. Johnson has 
developed a modified suspension for the Ekman meter so that several 
instruments can be attached to the same wire. The propeller of each 
instrument can be released and arrested messengers in a manner 
similar to that employed when using the Nansen water bottles, and thus 
nearly simultaneous measurements at several depths can be obtained. 

Continuously recording current meters have obvious advantages, 
but they are complicated and expensive. The recording device may be 
mechanical, requiring a clockwork that will function reliably in sea 
water, or electrical, requiring contacts that are insulated from the sea 
water, or photographic, requiring a watertight chamber which can with- 
stand the pressure and in which the photographic equipment is enclosed. 
Detailed descriptions of various designs are given by Thorade (1933). 
Here only a brief summary is given of the most important features of 
instruments that have been or are in use. 

Ekman Curbent Meters (Ekman, 1905, 1932). The*essential 
parts of this instrument are the propeller, the revolutions of which are 
recorded on a set of dials, the compass box, with the device for recording 
the orientation of the meter, aqd the vane which orients the instrument 
so that the propeller faces the Cbrrent (fig. 88). The free swing of the 
instrument is ensured by mounting it in ball bearings on a vertical axis. 
The wire for lowering is fastened to the upper end of this axis, and a 
suitable weight is attached below the axis. The instrument is balanced 
in water so that the axis is vertical. The carefully balanced propeller, 
with four to eight thin, light blades, runs inside a strong protective ring 
but can easily be removed for inspection or transportation. The axis of 
the propeller runs with tantalum points on agate bearings. Inside the 
protective ring is a lever that can be operated by messengers. With 
the lever in its lowest position the propeller is arrested, and in this state 
the instrument is lowered. When the desired depth is reached, a mes- 
senger weight is dropped, pushing the lever up to its middle position and 
releasing the propeller, the turns of which are recorded on a set of dials. 
After a number of minutes a second messenger weight is dropped which 
pushes the lever up to the highest position and stops the propeller. In 
later types the propeller is also shidded in front when the instrument is 
lowered in order to prevent fouling of the propeller by such or ganisms 
as medusae. This front shield is opened by the first messenger. 

The direction of the current is recorded by an ingenious device that 
is nmple and rdiable. A tube extends from above the dial box to a 
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disk on the axis of the cogwhed, which turns once when the inn^peBer 
makes one hundred revolutitms. This tube is filled with phoq)kor> 
bronze balls about 2 mm in diameter. In the are three indentations 
corresponding to the size of the balls. When one of tiiese indentations 
passes.below the tube, a ball drops into it and is carried around with the 
disk until it drops into a second tube that extends downward and ends 
above the center of the compass box. In the compass box, which can 
be easily removed from the bar to which it is fastened, a system of mag- 
nets swings freely on a pin that runs on agate. The frame to which the 
magnets are fastened carries a bar that is shaped like a wide, inverted V. 



Fig. 88. The Ektnan current nneter. Messenger, dials, and compass 
box are seen. Propeller is hidden by proto, live ring. 

The upper side of one arm of the bar is trough shaped, so that a ball 
dropping through a hole in the center of the lid of the box runs down in 
this trough and falls to the bottom of the box, which is divided into 
thirtynsix compartments, each corresponding to an angle of 10", and 
marked N, N 10"E, N 20®E, and so on. The compass box is ri^dly 
connected to the vane of the meter, but the magnets of the compass 
adjust themselves in the magnetic meridian. The compartment into 
which the ball drops therefore indicates the direction of the vane — that is, 
the direction of the current at the moment the shot fell. In general, 
several shot fall during one observation, since one ball drops for each 
thirty-three revolutions of the propeller. The average direction of the 
current is obtained by computing the weighted mean according to the 
distribution of the balls. If the direction has varied widely during a 
short oeriod of observation, the avera^ direction will be uncertain or 
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even indeteminate, in which case the average velocity as computed 
from the revolution of the propeller has no meaning. 

Euian Rspeatino Current Meter (Ekman, 1926). In this 
instrument the propeller is rdeased and stopped by messengers. When 
the propdler is stopped, three numbered baUs are released from a con- 
tainer. One ball drops down into a compass box, giving the direction 
of the current at the time the propeller was stopped, and two balls are 
guided into other slots by the position of dials tpmed by the propeller. 
From the slots into which the balls fall, the positions of the dials can be 
found and thus the number of revolutions of the propeller can be obtained. 
The messengers are designed to split when they strike the instrument, 
and the two parts are caught in a container. The operation can be 
repeated forty-seven times, when the store of numbered balls is exhausted. 

Carruthers Residual Current Meter (Thorade, 1933). This 
instrument is designed for giving the residual current over a long period 
of time. It has no device for directly recording the revolutions of the 
cups, but after a certain number of turns a ball is released and drops 
down into a compass box similar to the compass box of the Ekman 
meter. The velocity is obtained from the number of balls released. 
The balls are supplied from a large box containing more than 29^000. 
At the end of the period of measurement, which may comprise one or 
more days or even weeks, the number of balls in the slots of the compass 
box are counted. From these data and the calibration results the 
average direction and velocity can be found. 

BdHNECKE Mechanical Recording Current Meter (Thorade, 
1933). In this current meter the propeller drives a set of horizontal 
dials with raised numbers on their vertical rims. A similar dial is 
attached to the magnet of a compass. A strip of tin foil passes the 
vertical rims of these dials, being rolled by clockwork from one spool to 
another. At intervals of five or ten minutes a hammer presses the tin 
foil against the raised numbers on the rims of the disks, thus recording 
the positions of the dials, which are turned by the propeller and the 
magnets of the compass. The instrument can also be suspended in a 
bifilar frame and the direction relative to the orientation of that frame 
can be recorded. The instrument has not been widely used, probably 
because it is difficult to find material for the spring in the clockwork, 
which will be exposed to sea water. 

Witting Electrical Recording Current Meter (Witting; 1923). 
In tills instrument the axis of a wheel that is turned by a propeller 
carries an eccentric disk operating a fork-shaped lever. Through a 
semiwatertight connection, one part of the fork is brought into a circular 
box filled with petroleum, where it raises or lowers a magnet. In raised 
position the magnet is free to swing, and no electrical current passes 
throu^ the qrstem. In lowered position the f rame to which the magnets 
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are fastened serves as a key that closes the electric circuit by providing 
contacts between an inner solid contact ring and an outer contact ring 
that is split in segments. One electric conductor is connected with 
the inner contact ring, and the other conductor is connected with the 
segments by resistances of different magnitudes. Thus, the total resist* 
ance in the electrical circuit, the current in which is supplied from a 
storage battery of nearly constant voltage, depends upon what segment 
of the outer ring the magnet frame touches when lowered — that is, upon 
the direction of the current. The recording instrument is a milliammeter, 
the pen of which records a deflection when the magnet is in lowered 
position. The time intervals between deflections give the velocity of 
the current and the magnitude of the deflections give the direction. 

Sveedbup-Daiil Electrical Recording Current Meter, Compass 
TrpE (Sverdrup and Dahl, 1926; Sverdrup, 1929). This instrument is 
similar to the Witting current meter except that the contact rings are 
not enclosed in a semi watertight box, but arc arranged at the top of an 
inverted brass cylindrical container that serves as a diving bell. Before 
the instrument is lowered, petroleum is introduced into a vessel in the 
cylinder. When lowering, the petroleum floats on top and protects 
the contacts against the sea water, which, with increasing pressure, 
rises higher and higher. The magnet rests on a pin that is lifted and 
lowered as the propeller turns. The electric wdring differs somewhat 
from W'itting’s, but the record is similar. 

Sverdhup-Dahl Electrical Recording Current Meter, Bifilar 
Type. In this current meter the vane of the instrument turns a sliding 
contact that rests against a resistance ring rigidly connected with the 
bifilar suspension. The electric circuit is closed and opened by a key 
operated by the propeller, remaining closed for about eighty revolutions 
of the propeller and open for about twenty. The electric contacts are 
arranged at the top of a “diving bell,” and a recording milliammeter 
serves as recording instrument. The last-named three instruments 
require only one insulated conductor, the suspension wire sening as a 
second conductor. 

Ott Electrical Recording Current Meter (Thorade, 1933). 
In this meter the current velocity is recorded on a chronograph on which 
a mark is made electromagnetically whto the propeller has completed 
a given number of turns. The direction is not recorded continuously, 
but by a somew'hat complicated arrangement it is shown on a dial when- 
ever the observer on board ship presses a button. All electrical contacts 
are enclosed in petroleum-filled chambers. Two insulated conductors 
are required. 

Rauschelsach Electrical Recording Current Meter (Raus- 
CHBLBACH, 1929). This instrument is designed for bifilar suspension. 
The velocity is recorded on a chronograph by contacts made for every 
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ten or twmty revdutions of the propeller, and the direction is also 
recorded cm tiie same chronograph, using a number of contact segments 
that are arranged in such mminer that the direction is obtained with an 
accuracy of ± L6*. The contacts are closed every five or ten seconds, 
and thus tile currents are recorded in great detail. The instrument 
requires two electric cables with seven wires in each. 

Pkttbrsson PHOToaRAPHic Rbcokdino Current Meter (O. 
Pettbrbson, 1913, H. Pettersson, 1916). The propeller of this meter 
is mounted on a vertical axis below a watertight cylindrical chamber. 
Outside this cylinder the propeller, through a reduction gear, turns a 
strong magnet which by induction turns a similar magnet in the cylinder. 
The magnet in the cylinder carries a disk with a transparent division 
along the rim. The compass carries a smaller disk with transparent 
division, the two disks being concentric. A short cylinder of soft iron 
shields the compass magnet from the magnets rotated by the propeller. 
Every half hour the positions of the two disks are photographed on a 
film that is advanced by clockwork. The clockwork also turns on and 
off a small electric bulb, the power for which is supplied by a storage 
battery. The meter is designed for suspension below a buoy that can 
be anchored 10 m or more below the sea surface and left for two weeks. 

Idrac Photographic Recording Current Meter (Idrac, 1931). 
The cups of this instrument are mounted on a vertical axis and operate 
an electric contact which is placed at the top of an inverted cylindrical 
container similar to that used in the Sverdrup-Dahl meter. When the 
electric circuit is closed, a lamp is lighted and a mark is made on a film 
that is advanced at a constant spiked by clockwork. The clockwork 
and the camera are enclosed in a watertight cylinder, and a storage 
battery is enclosed in a similar cylinder. The current velocity is obtained 
from the number of marks on- the film in one hour. The direction is 
recorded continuously. Attached to the magnet of the compass is a 
black disk on which are marked two white concentric circles connected 
by a white spiral. The spiral rises from the outer to the inner circle in 
exactly 360 degrees. The camera is mounted above the disk and is 
provided with a narrow slit through which a very narrow strip of the 
disk is photographed, the two white circles and the white spiral appearing 
as points. If the orientation of the meter relative to the magnetic 
meridian remains constant, all points will produce straight lines on the 
moving film, but, if the meter turns, only the two circles give straight 
lines and the spiral gives a curve from which the orientation of the meter 
— that is, the direction of the current — is obtained. 

Winters Photographic Recording Current Meter (Thobade, 
1933). The Winters meter is constructed on principles similar to those 
of the Pettersson meter, but photographs of the counting device and of the 
position of the compass card are obtained at intervals of five minutes. 
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The power for the light is supplied from the vessel or the float from which 
the meter is suspended. 

Nansen Pendulum Cukrbnt Meter (Nansen, 1906). This 
instrument is designed for mounting on a tripod and for measuring very 
weak currents near the sea bottom. A light pendulum swings above a 
slightly concave disk which is carried by a magnet and which is covered 
by graduated waxed paper. At short intervals of time a clockwork 
lowers the pendulum and a fine stylus attached to its bottom marks 
the paper, indicating the direction and velocity of the current. 

Jacobsen's Bubble Current Meter (Jacobsen, 1909). This 
current meter is designed for use from such vessels as lightships. It 
employs no propeller or compass, but measures the magnitude and 
direction of the deflection of a pendulum relative to the ship from which 
the pendulum is lowered into the water. Cylinders open at both ends 
are used as pendulums. The line from the cylinder is fastened to a rod, 
the orientation of which as to inclination and plane of inclination is 
observed by a bubble in a segment of a sphere. 

Buchanan-Wollaston Mechanical Recording Current Meter 
(Buchanan-Wollaston, 1925, 1930). In this instrument the current 
velocity is recorded by the pressure exerted by the current against tw'O 
perforated disks which always remain in a vertical position and which 
are made to face the current by a. vane. The recording unit is enclosed 
in a watertight cylinder that is mounted horizontally and that turns 
around a horizontal axis when pressure is applied to the two perforated 
disks. The turning of the cylinder is recorded, and at intervals of 
twenty minutes the direction by compass is indicated. The instrument 
has the advantage that it carries no screw to be clogged by drifting objects, 
but it is not sensitive to weak currents, since the minimum velocity 
that can be recorded is about 12 cm/sec. 

Analysis of Records of Currents 

Different methods of representing surface currents are discussed on 
pp. 427-430. For currents of a periodic character, it is convenient in 
most cases to compute the north-south and east-west components of the 
currents or the components referred to some other coordinate system, 
say parallel to and at right angles to the coast. The components can 
readily be subjected to harmonic analysis or to other forms statistical 
treatment, subsequent to which the results can be represented in a 
simple manner (see fig. 145, p. 573). Harmonic analysis has be^ widely 
applied and is a very useful tool (see Thorade, 1933). 

COLLECTION AND ANALYSIS OF BIOLOGICAL SAMPLES 

Biological investigations in any area consist essentially of two parts; 
(1) descriptive and (2) analytical. 
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The descriptive part is concerned chiefly nrith determining the Jcind 
of the organisms present and their phylogenetic relationships, and -with 
establishing their geographic and bathymetric distribution. This 
phase of marine biology was the hrst to develop historically, and is 
naturally the first in the investigation of new areas. The relative volume 
of strictly descriptive work gradually diminishes as the various groups of 
organisms and their distribution become known, but the application of 
the results will always be a part of biological studies. 

The second, or analytical, phase is concerned above all with the 
factors operative in the development and distribution of the populations 
and with the biologic economy of the inhabitants as related to the inor- 
ganic and organic factors of the environment. Some of the factors 
operative in nature can be studied under controlled experiments in the 
field or in the laboratory, but in any event the information gained must 
be applied to an interpretation of the complex environmental conditions 
as they affect the lives of organisms found in the sea. Therefore, the 
collection of representative samples of plants and animals in nature and 
the analysis and interpretation of these samples become items of prime 
importance in order that true correlations can be found. 

From the outset it must be realized that at best any sample of 
organisms collected from the sea is only a minute portion of a population 
that may occupy a tremendously large area of the sea or only a restricted 
portion thereof, and that the concentrations are often very irregular. It 
is only through the collection of numerous samples in various areas and 
seasons that a true picture of the members of the population — their 
distribution, life cycles, and interrelations — can be • acquired. The 
nature, size, motility, and habitat of the organisms determine the type of 
collecting equipment to be used. 


Collection of Benthic Organisms 

In the intertidal region, only simple equipment is needed, but for 
collecting in deep water various types of dredges and grabs are used. 
A dredge (fig. 89b) consists essentially of a heavy rectangular or triangular 
iron frame to which is attached a baglike fish net of cotton or wire web 
to retain the organisms. The dredge is dragged on the bottom by means 
of a wire cable operated from a power winch aboard a slowly moving ship. 
The size of dredges used varies greatly, depending upon the equipment 
available for their manipulation aboard ship. A practical size for use on a 
vessel 15 m or more in length and in water of moderate depth has a beam 
of about 1 m. Only stationary or slowly moving organisms are caught; 
microscopic forms are included if they are incidentally attached to larger 
animals and plants or in sediment that has not been completely washed 
through the meshes of the net during the ascent of the dredge. The 
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dredge has its greatest usefulaess in collecting material for qualitative 
rather than for quantitative study. 

Illustrative of equipment for quantitative collecting of benthic 
life is the Petersen grci>, or bottom sampler, developed by Petersen (1918) 
for quantitative investigation of benthic animals in relatively shallow 



l-ig 89 Goar for biological collecting- a, Peterson grab h, dredge; c, beam- 
trawl, d, otter-trawl 

waters. It consists of a pair of very heavy metal jaws tlmt a™ ^ 
open during the descent (fig. 89a). When ihe grab stnkra the ^ttom, 
the slackened cable releases the tension on a clutch that holds the jaws 
open, and, when the cable is again drawn tight by the winch aboard 
ship, the jaws snap shut by their own weight and enclose the matei^^, 
including the sessile organisms, covenng a ® \ ' 

of the bottom over which the open jaws descended. The 
caught are screened from the bottom sediments, classified, and counted 
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to ^ve ft figure from \rhich to calculate the number and kinds of a n i m als 
inresent per square meter of the bottom in the area sampled. The grab 
cannot be us^ successfully on hard or stony bottoms or in very deep 
water. 

Smidl snappers and coring devices (figs. 84, 85) are useful in collecting 
quantitative biological samples only of microscopic organisms such as 
foraminifera and bacteria. 


Collection of Nekton 

In commercial fi shing , diverse methods involving nets, trawls, traps, 
hooks, and harpoons are used, depending upon the animals sought, but 
M'e shall here consider only the trawl, which has been much used in 
collecting deep-water animals for scientific research. The beam trawl 
(fig. 89c) is constructed somewhat like the dredge, but the frame does 
not form a digging and scraping edge and it may have a much larger 
opening, up to 15 m or more; since it is not designed to dig into the 
bottom, it may be towed at greater speed and thus catch the faster- 
moving animals — shrimps, fishes, and so forth — that live on or near the 
bottom. 

For pelagic trawling the otter trawl is used mostly. The opening 
to the web sack is kept distended, not by a rigid beam, as in the beam 
trawl, but by means of otter boards attached to opposite sides o^ the 
opening. Upon being towed, these boards are forced apart by the 
resistance of the water (fig. 89d). The span of the opening may be 20 
to 26 m and the net may be 40 m lung. A small otter trawl was employed 
successfully by the Michael Sars in fishing at depths as great as 5160 m. 

The ring trawl is essentially a large, relatively coarse plankton net 
attached to a strong ring of large diameter and provided with ?. towing 
bridle (see below). 


Collection of Plankton 

A great variety of nets and other equipment has been used in obtaining 
samples of the phyto- and zooplankton. The plankton tow net was 
apparently first introduced by Johannes Muller in 1 846 and has found the 
widest use of all plankton-collecting devices. 

The -plankton net consists of a filtering cone attached to a metal 
ring by which the net is towed through the water. Detailed instructions 
for cutting patterns for ordinary nets are given by Seiwell (1929). The 
filtering material forming the net is usually some grade of silk bolting 
doth of the type used for sifting flour. It is numbered from 0000 to 25, 
depending upon the number of meshes per lineax^ inch. The strands are so 
woven that the aperture size is not readily changed; hence they differ 
from those in ordinary weaving, where the strands cross each other 
alternately without a binding turn (fig. 90). The dimensions of the 
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apertures between the strands are the important features to consider, 
because these determine the use of the smallest organisms timt will be 
retained by the net (fig. 90). It has been shown repeatedly through 
comparison with centrifuged water and by examination of the stomach 
contents of filter-feeding animals 
that many organisms living in the 
plankton pass readily through the 
meshes of the finest woven bolting 
cloth. In practice the minimum 
size of the organisms to be caught 
should be determined, and the 
coarsest net applicable to this size 
should be used. In table 59 the 
dimensions of the various sizes of 
standard bolting cloth are given for 
reference. The aperture sizes be- 
come less after considerable use in 
the water The qualities of silk 
used are: standard, X (extra 
heavy), XX (double extra heavy), 
and XXX (triple extra heavy). 

The heavier quahties result in a 
small difference in aperture size and 
number of meshes per inch for any 
given number of cloth. Stramin, 
a heavy screening material of aper- 
ture 1 mm, is frequently used for the larger nets or ring trawls, but the 
heavier strands are of some disadvantage since they cause increased 
resistance in towing through the water. 

At the cod, or tail, end of the net a d« tachable jar, vial, or small 
strainer of some type is placed to receive th« concentrated tow. 

A conttnuous plankton recorder has been developed by Hardy (1936) 
for towing behind a ship while under way at full speed. The machine 
is essentially a torpedo-shaped tube, circular or rectangular in cross 
section, and about 1 m long. The front end is provided with a small 
hole for entrance of water as the machine is hauled fonrard. This 
opening le^ s to a wider tunnel across which «* long band of silk gauze is 
slowly wound from one spool to another and through which the water 
must pass before its exit by way of a hole at the rear end of the tube. 
The gauze, with the plankton screened from the water, is contmuouriy 
rolled onto the storage spool. The winding is done by a prefer ou^de 
of the and thus the speed at which the band is wound wito 

the machine is controlled by the speed with which the whole madune 
is drawn throu^ the water and is therefore in direct rdation to the 



Fig 90 Enlarged camera lucida 
drawing to show weave of No 20 bolting 
cloth, together with aperture Bi*e com- 
pared with the size of some common 
plankton organisms drawn to the same 
scale Orgamsms, horizontal row: Cos- 
ctnodxdcus gramif nauplius Stage 111 
Acartiu, early clam larva, Pr&rocerdrum 
mtcans, Dttylum, DtnophytUt Chaeloceros, 
Cerattum Inpoa Vertical row, down: 
FaveUay nauplius Stage I, Acattuij Steruh 
9 <meUay Ceralium furca On cloth: Co«- 
ctnodt 9 cu 8 wcnltii and Khttosoltfixa ssmt- 
Bjnndy two unu8uall> large diatoms 
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distance traveled. The purpose of the machine is to provide quantitative 
and qualitative samples in studying the distribution and patchiness of 
plankton swarms over wide areas. Its use is considered supplementary 
to the scattered collections made by tow nets at widely separated stations. 


Table 59 

AVERAGE APERTURE SIZE OF STANDARD GRADE DUFOUR BOLTING 

SILK 


Silk No. 

Mesh os 
per inch 

Size of 
aperture 
(mm) 

Silk No. 

Meshes 
per inch 

Size of 
aperture 
(mm) 

0000 

18 

1.364 

10 

109 

0.158 

000 

23 

1.024 

11 

116 

0.145 

00 

29 

0.752 

12 

125 

0.119 

0 

38 

0.569 

13 

129 

0.112 

1 

48 

0.417 

14 

139 

0.099 

2 

54 

0.366 

15 

150 

0.094 

3 

58 

0.333 

16 

157 

0.086 

4 1 

62 

0.318 

17 

163 

0.081 

5 ! ! ! . . 

66 

0.282 

18 

166 

0.079 

6 

74 

0.239 

19 

169 

0.077 

7 

82 

0.224 

20 

173 

0.076 

S 

86 

0.203 

21 

178 

0.^9 

9 

97 

0.168 

25 

200 

0.064 








A smaller and simpler device known as the -plankton indicator has 
been developed (Hardy, 1936) mainly for use by herring fishermen in 
determining the general type of plankton in the water before casting their 
nets. It consists of a tube 56 cm long, 8.9 cm in diameter, and with both 
ends tapering to 3.8-cm openings. Across the lumen of the tube a 
small disk of bolting cloth is placed for screening out the plankton as the 
tube is drawn forward through the water at full speed of the boat. The 
disk can be quickly removed and a clean one inserted, thus allowing 
frequent direct gross examinations to determine whether patches of 
phyto- or sooplankton are being traversed (see p. 907). 

Zooplankton. Attempts to standardize the nets of various types 
have led to a comparison of the “catching pOwer” of several common 
nets as compared to the Hensen egg net, which for basis of comparison is 
rated as having a catching power of 1.0 (KOnne, 1933). In comparison 
with the Hensen net, the Nansen net was found to have a catching power 
of 0.87, or, in other words, under comparable conditions quantitatively 
it cau^t nearly the same number of animals in the same proportion as 
the Hensen net. The standard net, which is a modified Nansen net, 
caught mxict. less, its catching power being only 0.1, while the Helgoland 
larvae net was rated at 4.1. It should be emphasized that the catching 
power refers only to the relative capacity of each net to catch the animris 
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of the macroplaokton when the compooitLon of the population, speed of 
hauling, and condition of the sea are comparable. When field work 
includes collection of microplankton, it becomes necessary to use fin** 
nets (p. 819), even though the catching power, as determined above, 
is small. The types of nets, their dimensions, and other specifications, 



Fig. 91. Types of plankton nets, their length, 
mouth diameter, type of filtering material, and rela- 
tive catching power (c.p.), as explained in text: a to 
e drawn to same scale;/ to k to a reduced scale, a, 
Hensen egg net; b, Nansen net open; c, Nansen net 
closed; d, standard net; e, medium Epstein net;/, 
Hensen egg net; g, Hc'goland larva net; h, large 
vertical net of stramin. 


together with their catching power (c.p.), as referred to the Hensen egg 
net, are given in fig. 91. 

The truncated nets, illustrated especially by the Hensen egg net and 
the Apstcin net, have a reduced opening at the head end in order to 
increase the ratio of the filtering area of the net to its mouth area and 
at the same time, by means of the canvas head piece, to minimize back- 
wash while the net is being towed through the water. 

Some nets, illustrated by the Nansen and standard nets, may be 
closed by means of a messenger that activates a mechanism (fig. 92) 
releasing the bridle lines and thus causing the strmn to fall upon the 
puckering line, vdiich, at any desired depth, closes off the head end of the 
net (fig. 91b,e). Thus it is possible to obtain a sample of the plankton 
population at any subsurface levd without contamination by the organ- 
isms living in the overiying water layers. 
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Single nets itre sometiiines hauled through the water horiaontally 
at the desired deptli, or a series of nets may be placed at given intervals 
on tjie wire in order to sample several water strata at once. Commonly a 
net is payed out to a given depth, and, after a period of fishing at this 
level, it is hoisted successively to a series of higher levels to fish for the 
same length of time at each tefore bring hauled in, thus obliquely sam- 
pling several strata with one net. In the above methods of sampling, it 


is difficult to obtain an estimate of 
filtered. A more reliable estimate 



Fig. 92. A tripping mechanism for 
closing nets and similar apparatus at 
subsurface levels; back and side views. 


the amount of water that has been 
of the amount of water filtered is 
gained if the^et is towed vertically 
instead of horizontally or obliquely. 

In vertical hauls the net, with 
the cod end tied to a weight sus- 
pended by long lines from the top 
ring, is lowered to the desired depth 
and then raised vertically, filtering 
a column of water the length of the 
course traversed. There is always 
a considerable amount of backwash, 
however, resulting from the resist- 
ance of the net, especially if it is 
constructed of fine mesh or haf be- 
come partially clogged' by the 
plankton. Hence somewhat less 
,water has been filtered than would 
have gone through an open ring of 
the diameter of the net mouth. 
Therefore, when using the area of 
the net opening as the cross section 
of the water column filtered, the 
figures obtained for the number 


of organisms caught are always 
minimal ones. As a rule, also, it is not possible to haul the net exactly 
vertically, since the boat from which it is operated usually drifts more or 
less, resulting in a haul somewhat longer than the true vertical. There 


appears to be no sure method of avoiding these types of collecting errors 
inherent in the use of ordinary nets. Sometimes a recording meter is 
placed in the mouth of the net so that the water pasring into the net 
activates a small propeller attached to a counting mechanism. When 
properly calibrated, the number of revolutions of the propriler is taken to 
indicate the amount of water having passed throu^ the net. From this 
the number of organisms per unit volume of water, usually per liter or 
prir culnc meter, can be calculated, but, owing to unavoidable irregulari- 
ties in filtration or analysis, the figures obtained are at best usually only 
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spproximati<»is. However, in providing a picture of the jdankton dis- 
tribution in relation to depth, hydrographic features, and so forth, a 
knowledge of tile absolute number of organisms present, desirable as 
it may be, may contribute no more than will a knowledge of the relative 
numbers. 

Total filtration and exact analytis, of course, will be more nearly 
realised in sparsely populated waters, while in dense populations or in 
the presence of gelatinous objects, such as jellj^fishes or cast-c^ appendicu- 
larian vestments (“houses”), the errors must become greater. Coarse- 
meshed nets provided with a water-measuring device represent the most 
ideal combination for collecting, but they are highly sdective and can 
be used only where such selection is desirable on the basis of size — ^for 
example, in the study of large fish eggs or larvae. For a statistical study 
of the variations in catch of plankton nets the reader is referred to Winsor 
and Clarke (1940), and the relevant works included in their bibliography. 

In an attempt to overcome the uncertainties inherent in net collecting 
of plankton, various devices (bottles and buckets) have been designed to 
entrap a definite amount of water together with its plankton population 
from a definitely known depth. Pumps operated from aboard ship 
and provided with a long hose, the intake of which can be lowered to the 
desired depth, have been used successfully, especially in fresh water, for 
sampling the population at depths down to about 76 m (Birge and Juday, 
1922). Known amounts of water from a series of depths can in this way 
be filtered through fine nets, as the water is delivered from the pump, 
which is also provided with a water meter. These methods are excellent 
for some purposes, but are also subject to grave limitations, since they are 
useful only for inactive or relatively slowly moving organisms, when 
abundant and rather evenly distributed, such as diatoms, dinoflagellates, 
protozoa, and sometimes larvae. Fast moving, sparse, and irregularly 
distributed forms are not likely to be caught with sufficient regularity to 
give significant data. The ease with which such samples can be taken 
makes more samplings possible, and this advantage overcomes somewhat 
the adverse features. 

Except for special studies, the zooplankton caught must be preserved 
in the field. Usually a 4 per cent solution of formaldehyde (preferably 
neutral) is used for this purpose The collecting data on the label, 
placed inside the jar, should include serial number, date, hour, station 
number, depth sampled, and type of net used and how operated. The 
laboratory analysis of the samples usually consists of identifying and 
counting all of the desired species occurring in an aliquot portion of the 
wdl-mixed sample. From this is computed the total number of the 
sdected species occurring in the whole sample. Finally, the volume 
of water filtered by the net in taking the sample having been approxi- 
matdy determined, the population is reported as the number of diffment 
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qiMtMit or devdopmont stageo, aod 00 on, occurring per cubic meter of 
water or per square meter of sea surface. Since it is desirable to know 
tile total amount organic material represented by the sooplankton, 
the large forms such as jellyfish are first removed and the remaining 
volume is reported in milliliters. Volumes are usually obtained by (1) 
the settling method — that is, by allowing the plank- 

r ton to settie in graduated cylinders and noting the 
volume precipitated, or (2) by displacement — that 
is, by determining the volume of the whole plankton 
sample fluid and animals combiped, and then filter- 
Ij'rij fl ing off the animals and again determining the vol- 

* [; ume of the fluid alone, the difference in the two 

• readings bang the displacement volume of the 

animals. The “water-free” plankton may then 
also be weighed, if desired. A number of units 
frequently used in reporting plankton matenal 
are summarized and compared in table 1 01, chapter 
XIX, p 929. 

Phytoplankton. The regular Nansen hydro- 

I graphic water bottle (fig 87} is much used for col- 

^ — TTTa^ lecting phytoplankton samples, or, if larger samples 

\\ are desired, the Allen bottle (fig 93), with a capSc- 
[ I ity of 6 1, can be used. When the Nansen bottle is 

{ I employed, samples from certain levels, usually 1, 

\ /"'St"* 10, 26, 40, 75, 150 m or more, are tapped off directly 

\ / intp as many citrate bottles, neutral formaldehyde 

^ \ / preservative is added, and the bottles are stored for 

m*T I y / examinatioi) in the laboratory. When the collec- 

_) tion has been made with an Allen bottle (or similar 

LJ large collector) at similar depths, the catch is 

Fig 93 Allen concentrated in a small volume of 

phytopiaiikton bot- water (100-150 ml) by filtering through a 
tie with filtering small net of No 25 bolting cloth. The sample 
I plsp® for jg preserved as above for study in the 

laboratory. 

When the sample has not been concentrated in the field, the labora- 
tory analyris consists first of centrifuging a measured portion (say 
10 to 50 ml, depending upon the abundance of plankton) of the well- 
shaken sample. The clear fluid is withdrawn by means of a pipette, 
and the organisms that have been thrown down in the centrifuge tube 
are removed, together with the remaining fluid, to a cross-ruled glass 
slide. They are then covered by a cover slip, and the organisms are 
idoittfied uid enumonted under a compound microscope (Gran, 1932). 
The numhers obtained form the basis for calculating and reporting the 
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conoentratton of each species in a liter of sea water as cdlected in the 
field. 

If the sample was concentrated in the field by filtering, an aliquot 
portion of the concentrated sample is placed in a Sedgwick-Bafter 
counting cell holding 1.0 ml of the sample, and the 
organisms are examined and reported as above. 

The phytoplankton population may also be 
conveniently a^yzed chemically by extracting the 
yellow pigments with acetone and reporting the 
population in numbers of plant-pigment units. In 
this analysis, the diatoms are filtered from a known 
quantity of water, and the pigments are then ex- 
tracted with a measured volume of acetone. The 
tinted acetone resulting is compared coloiimetrical- 
ly with an arbitrary standard prepared by dissolv- 
ing 25 mg of potassium chromate and 430 mg of 
nickel sulphate in 1 1 of water. One milliliter of 
the standard solution is equivalent to one “ pigment 
unit.’’ For a fuller discussion of this method and 
of other means of estimating phytoplankton pro- 
duction through utilization of plant nutrients and 
through oxygen production and consumption, see 
chapter XIX. 

Bactebia. The collection of bacterial samples 
presents a very special problem, since they must 
be sterilely taken. In fig. 94 is shown a collecting 
bottle in the sampling frame with a combination 
glass and rubber ^ling tube. This tube is so de- 
signed that when the glass section is broken, the pig. 94. Bacteria 
rubber part, which is under tension, projects the sampling bottle in 
distal end of the tube, with the intake orifice, at 
some distance from the bottle and other equipment messenger breaks the 
(ZoBell, 1941). The sea water entering the sterile glass intake tube and 
bottle is thus free from contamination by bac- 
teria that might otherwise be forced in from the piers are used in series, 
surface of the sampling equipment. The frame, 
with the sampling little in place, is attached to the cable, and, at the 
desired depth, a messenger trips the tube-breaking device. Since the 
bottles are lowered empty, the depth at which samples can be taken 
by tbia means is limited to wat^ pressures that will not break the bottle 
or force in the stopper. Experiments using rubber bottles to overcome 
these diflSculties are now in progress. Laboratory analysis of the sample 
collected consists of plating out a known portion of the sample on nutrient 
material and noting the maximum number of colonies that grow, each 
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oolony bong assumed to have originated from a single viable bacterium. 
The number of bacteria per milliliter of water at the depth of sampling is 
then calculated. 

The bacterial population in collected water or mud samples changes 
very rapidly, making it necessary to plate out the samples as soon as 
they are obtained in the field in order to obtain the most reliable estimates 
of the numbers of bacteria in aitu. The type of culture medium used 
is of vital importance in obtaining a growth response from the maximum 
number of viable bacteria in the sample. Only media made up with 
sea water are effective (ZoBell, 1941). 

The bacteria from bottom sediments are obtained by sterilely remov- 
ing a sample of the undisturbed material in the center of a core taken 
with some type of coring device (p. 345). 

Interpretation of Plankton Observations 

In the interpretation of field observ'ations on plankton, it must be 
remembered that the different requirements of separate species lead to 
a more or less complete change of the elements in the population when 
external factors, especially temperature and nutrients, become altered in 
the water mass inhabited. When such a biological change takes place 
within a rather well-defined water mass, whether moving or stationary, 
we may speak of it as an individual population succession. This fimst 
not be confused with a change of population resulting from a sequence 
of distinct water masses flowing with their distinct populations into a 
given geographical position where successive series of observations are 
being made. This type of change may be termed a local sequence. It is 
frequently not possible to distinguish between these two important types 
of changes that may occur in the population of an area under investiga- 
tion, though hydrographic data accompanying biological sampling will 
{ud materially in the interpretation of the biological data by providing 
information on the nature of residual movements of water. Local 
sequences in populations are likely to be more sudden than individual 
population successions, since the latter depend upon biological develop- 
ment rather than upon a simple physical shift of water masses. The 
former may also at times be slow when neighboring populations become 
mixed or scattered only through the process of advection or lateral 
mixing. 

An example embracing both local sequence and individual population 
succession in a population is illustrated by the recent observations of 
Redfield (1939) on the history of populations of the pteropod Limaetna 
retroversa, its entrance and sojourn in the Gulf of Maine (see also p. 864). 
A, population of small individuals appears in the Gulf in December with 
inflowing water from the east. Caught in the cyclonic circulation of the 
Gulf, th^ gradually decrease in number through mortality or some are 
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earned out of the area by residual currents. However, some survive 
and reach a maximum size in five months, mad in late spring their offi^ring 
probably mingle with a second invasion of small specimens ori^nating 
from offshore, where the species apparently has its main center of repro- 
duction. The appearance of the drifting population of lAmacina at any 
fixed point in the Gulf constitutes a local sequence, whereas the gradual 
decrease in numbers and increase in size occurring within the moving 
waters of the Gulf represent an individual population succession. 

The changes occurring in a population may involve a succession of 
development stages of a given species. In view of this it should be noted 
that any biological succession observed may result from two causes. 
There may be (1) a change in composition of species, owing to different 
biological responses to physical or chemical changes (that is, rise or fall 
in tempi'rature or nutnent state of the water) that have occurred within 
the individual water mass, or (2) a change in the relative maturity of the 
population, owing simply to the passage of time and to chronologically 
developed stages in the life history of the individuals of one or more 
species. A change in the phytoplankton involving a succession of species 
is well illustrated in boreal water, where in late spring or summer there 
is commonly a drop in the concentration of diatoms in a predominantly 
diatom plankton and an accompanying or following increase in dino- 
flagellates Here two factors, in particular, are operative in the individ- 
ual water mass: (1) an increase in temperature (owing to advance of 
the season), which favors the warmth-loving dinoflagellates, and (2) 
depletion of plant nutrients by the diatoms to a point suboptimal for 
their abundant proliferation, but still sufficient for the dinoflagellates, 
which are able to reduce the nutrients further and through their motility 
to adjust themselves in some degree with respect to favorable light 
conditions (see p 765) The phosphate and nitrate requirements of 
certain dinoflagellates (Ceralium sp , Peridinium sp., Proroeentrum 
micans) have been found experimentally to be exceedingly low (Barker, 
1935) The maximum rate of division has already been reached with 
0 1 parts per million of nitrogen, and this element is probably a limiting 
factor only at dilutions of 0.01 to 0.001 parts per million. 

A biological succession involving the percentage composition of 
developmental stages of a single dominant species associated with lapse 
of time is illustrated in studies of the life cycle of Calanus finmarchicus 
in the relatively slowly flushed waters of the Clyde Sea area (p. 323) 
where in Loch Striven it was possible (Marshall, Nicholls, and Orr, 1934) 
to trace the successive developmental stages and broods of CeUanvs 
that occur during the seasons. 
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The theory of ocean currents will be presented iu chapters XII, XIII, 
and XIV. Here the curraits will discussed nonmathematically, 
partly as an introduction to the more exact treatment, and partly to 
iacilitate a study of the chapter on water masses and currents of the 
oceans for those who are not completely familiar with the theories of 
hydrodynamics. The ocean currents may be conveniently divided into 
three groups: (1) currents that are related to the distribution of density 
in the sea, (2) currents that are caused directly by the stress that the 
wind exerts on the sea surface, and (3) tidid currents and currents 
associated with internal waves. 

To the first class belong the well-known large-scale currents of the 
oceans, such as the Gulf Stream, the Kuroshio, the Equatorial Currents, 
the Benguela Current, and others. AU of these currents transport 
great amounts of waters. Their courses at the surface are known from 
ships’ observations (p. 428), and at subsurface depths their character 
has, in a few localities, been derived from direct measurements of currents 
from anchored vessels, and in many more localities they have been ascer- 
tained from determinations of temperatures and salinities. The methods 
used for drawing conclusions as to currents from such observations will 
be discussed below. 

The wind drift transports water in one and the same direction over 
large areas if it blows prevailingly from one direction, but the currents 
that are associated with tides and internal waves run altemaringly in 
opposite direction or are rotating. Althou^ tidal currents may attain 
hi^ velocities, they are of no direct importance to the circulation of the 
ocean waters. 

Cttbrents Related to the DisnonxmoM ov Density. An explanfr* 
tion of the nature of the currents that are related to the distribution of 
density in the sea can be based upon a few ample laws of physics. One 
of these states that the acceleration of a body equals the sum of tiie 
forces that act per unit mass of the body. This law, which isapplicable 
to any part of a fluid, implies that, if a body moves witii a uniform 
velocity, tiie forces that act on the body balance each other. Another 
law of phytics states that within a fluid a force is exerted in the directkm 
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in which the preseiue in the fluid decreasee-r-thAt is, in the direction of 
the pressure gradient. For further description of the ocean currents, 
it is convenient to introduce the terms “isobaric” surfaces and ** level” 
surfaces. An iaobaric surface is an imaginary surface along which the 
pressure in the fluid remains constant, and a levd ewface is an imaginary 
surface along which no component of gravity acts. 

In the oceans the pressure increases downward, and the pressure 
gradient that is directed against decreasiirg pressure is therefore directed 
upward. It is so nearly vertical that it practically balances tire accelera- 
tion of gravity per unit mass. If it exactly balan<^ the acceleration of 
gravity, the isobaric surfaces would coincide with the level surfaces and 
perfect static equilibrium would exist. Actually, the isobaric surfaces 
in the ocean slope slightly relative to the level surfaces, but the slope is 
so small that quasi-static equilibrium exists, meaning that ofonp any 
vertical the distance between two isobaric surfaces can he found if the density 
of the water in the interval is known. Let tiie pressure at the two isobaric 
surfaces be pi and pt, respectively, and let the average density along a 
vertical be p. The corresponding vertical distance between the isobaric 
surfaces is then A =» (pi — pitigp, where g is the acceleration of gravity. 
Therefore the distance is great where the average density of the water is 
small, and vice versa. 

The small deviations from a state of perfect static equilibrium can 
be found if the density of the water at different depths is known with 
great accuracy. From these deviations — that is, from the slopes of the 
isobaric surfaces — conclusions can b^ drawn as to the ocean currents, 
taking the acting forces into account. Along an isobaric surface the 
pressure gradient is, by definition, zero, and consequently no force related 
to the distribution of pressure acts along such a surface. If an isobaric 
surface coincides with a level surface, no component of gravity acts along 
the surface, and if the water is at rest it will remain at rest. On the 
other hand, if an isobaric surface slopes relative to a level surface, a 
component of gravity acts along it, and the water cannot remain at rest. 
It must move down the sloping surface, but as soon as it is set in motion 
the effect of the earth’s rotation has to be considered. 

In order to describe conveniently and precisely the motion of any 
moving mass on the earth, it is necessary to introduce the deflecting 
force of the earth’s rotation {Coriolis force), which is proportional to the 
speed at which the mass moves and is directed at right angles to the 
velocity — to the right in the Norlhem Hemisphere and to the left in 
the Southern. The reason for introducing this force is expliuned on p. 432. 
Coriolis force is so weak that in nearly all problems of mechanics it can 
be neglected, because other acting forces are so much greater, but when 
dealing with the atmosphere and the oceans the weak Coriolis force 
becomes highly significant, because other forces are small. 
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With regard to the motion of the wateTi it can be stated that this 
motion is no longer accelerated if the component of gravity acting along 
the isobaric surface is balanced by Coriolis force. The component of 
gravity is directed down-slope, and Coriolis force must therefore be 
directed up-slope. Since Coriolis force is directed at right angles to 
the current, the current follows the contours of the sloping isobaric surface. 
In the Northern Hemisphere the isobaric surface slopes upward to the 
right of an observer looking in the direction of the current; in the Southern 
Hemisphere it slopes upward to the left. 

The numerical value of the velocity for a given slope is 

*' “ ^ OSSlTwPlm^’ 

where g is the acceleration of gravity, ip is the slope of the isobaric sur- 
face, 1.458 X 10~^ is the double angular velocity of rotation of the earth, 
using one second as unit of time, and ^ is the geographic latitude. The 
velocity is obtained in centimeters per second if the acceleration of 
gravity is given in centimeters per square second, or in feet per second if 
the acceleration of gravity is given in feet per square second, and so on. 

In middle latitudes even the strongest surface currents rarely have 
velocities above 100 cm/sec (about 2 knots). In latitude 45° the cor- 
responding slope of the sea surface is 1.05 X 10~‘; that is, the surface 
drops or rises about 1 cm in 10* cm (1 km), or about 1 m in 10* m (100 km). 
Such a gentle slope cannot possibly be observed directly, but the slope of 
one isobaric surface relative to another can be determined if the density 
of the water at two neighboring localities is accurately known at a number 
of depths. The sea surface can always be considered an isobaric surface, 
and the slope of the sea surface relative to an isobaric surface at any 
depth below the surface can be determined from the density distribution. 
If at two neighboring stations A and B the average density between the 
sea surface and, say, 1000 m is less at A than at B, the distance between 
an isobaric surface at a depth of about 1000 m and the sea surface, is 
greater at A than it is at B. Relative to the isobaric surface at about 
1000 m, the sea surface slopes downward from A io B. If this relative 
slope is to be determined with sufficient accuracy, the density must be 
known to the fifth decimal place, meaning that errors in salinity deter- 
minations must not exceed 0.02 V«o and enois in temperature observa- 
tions must not exceed 0.02°C. This is one reason for the many ^orts 
to improve the accuracy of salinity and tmnperature measurements. 

From rdative slopes relative currente can be computed, but we wish 
to determine dbaolule currents. It is therefore necessary to find the 
absolute slopes of the isobaric surfaces, and valid conclusions as to absolute 
slope can often be drawn from a careful examination of the vertical and 
horisontal distribution of temperature and salinity or from considerarimi 
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of the continuity of the system. From such examinations it may be 
concluded, for that within the area under consideration the 

currents at a depth of 20(X) m are so weak that they are negligible. The 
implication is that at 2000 m an isobaric surface is level and that absolute 
slopes of all other isobaric surfaces are obtained if these slopes are referred 
to an isobaric surface at a depth of about 2000 m. The unit for measuring 
pressure in the sea is the decibar, which is the pressure exerted by a 
column of water approximately 1 m high. The pressure at about 2000 m 
is therefore about 2000 decibars, and the slopes of other isobaric surfaces 
can be referred to the 2000^1ecibar surface. WheAi many hydrographic 
stations are available from a region, one can compute at each station the 
vertical distances between the reference surface and another isobaric 
surface. These distances can then be plotted on a chart and lines of 
equal elevations can be drawn which aill represent the topography of a 
selected isobaric surface relative to the reference surface, say the 2000- 
decibar surface. 

The computations needed for constructing such topographic charts 
are commonly called dynamic computaiions. In these computations 
a vertical distance is expressed by means of the work that is performed 
or gained in moving a unit mass from one level to another. The work is 
expressed in the unit dynamic meier, which represents the work^per- 
formed in lifting a unit mass nearly 1 m. When dynamic meters are used, 
charts of geopotenlial (dynamic) topography of isobaric surfaces are pre- 
pared. The contours represent lines along which a body can be moved 
without work having to be performed against gravity, and,.if the contours 
are drawn at equal intervals of dynamic distance, the same work is always 
performed or gained in moving a unit mass from one contour to another. 
Within a small area, no perceptible difference exists between the contours 
expressed in units of dynamic meters or ordinary meters, but over large 
areas the two types of contours do not coincide, because the acceleration 
of gravity varies with latitude. The velocity of the current in meters 
per second is obtained by the formula 

" “ 1.458 X l(Plm>' 

where io is the “geopotential” slope expressed in dynamic meters per 
meter of horizontal distance or in dynamic centimeters per centimeter of 
horizontal distance. 

From a chart of the topography of an isobaric surface tiie correspond- 
ing currents are readily obtained on the assumptions that have been 
made, namely, that the component of gravity acting along tire isobaric 
surface is baltmced by Coriolis force. On t1^ assumption the current 
is directed along the contours. If these are drawn at equal intervals, 
the slope of the surface is inversely proportional to the horizontal die- 
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tance between the contours, and the velocity is therefore inversely pro- 
portional to that distance, the factor of proportionality depending on 
the latitude as shown by the above formulae. 

Charts of currents which are constructed in this manner give pictures 
that are only approximately correct. In the first place, errors may 
have been introduced by the selection of a reference isobaric surface. 
These errors are difficult to avoid, because such selection requires not only 
thorough familiarity with oceanographic data and with the principles of 
hydrodynamics, but also a certain amount of judgment. In the second 
place, errors are introduced because the distribution of density changes 
in the course of time, the implication being that the velocity of any 
moving water mass is always changing; that is, that accelerations which 
have been neglected are not quite absent. It can be shown, however, 
that the velocities computed by neglecting accelerations are rarely more 
than a few per cent in error (p. 453). More serious are the errors which 
may be introduced by treating the oceanographic observations as if they 
were simultaneous. It has been tacitly assumed that simultaneous 
observations were available from a number of localities, but in general 
the data to be used have been obtained on a cruise of a single vessel, 
and the occupation of the stations may have taken weeks or months. 
For each individual area it is desirable to determine the time interval 
within which work must be completed in order to avoid serious distortion 
of the picture of the currents. It can be stated in general, however, that 
the closer the stations are spaced the shorter must be the period in which 
they are occupied and that ocean-wide currents can be examined by 
means of stations which are far apart and which have been occupied in 
different years and seasons. 

In the third place, frictional forces have been neglected. This 
omission is not a serious matter, because, according to accumulated 
experience, the influence of friction on currents that are related to the 
distribution of density is small. 

In the fourth place, it has been assumed that the slopes of the isobaric 
surfaces depend entirely upon the distribution of density and that, in 
general, one level isobaric surface can be found to w'hich all slopes can be 
referred. This assumption is not always true. The surface of no motion 
may slope so much that it does not coincide with any isobaric surface, 
but the difficulty here is only minor. Within a small region the surface 
of no motion can be considered level, and by proceeding step by step 
one can find the slope of the sea surface or of any other isobaric surface 
relative to the layer of no motion. A more serious difficulty arises when 
the slope 6f the se^ surface is caused not only by the water masses having 
different densities, but also by actual piling up of water in some localities 
and removal of water in others. In landlocked bodies of water, such as 
the Baltic or the Gulf of Bothnia, piling up of water by wind may lead 
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to appreciable slopes of the sea surface, as has been established by valuer 
of sea level obtained from tidal gauges (p. 400). In the open ocean, it 
is impossible to ascertain whether such piling up takes place, but the 
agreement which in many instances has been obtained between com- 
puted and observed currents indicates that the piling up is not important 
so far as the major currents are concerned. 

So many reservations have been made that it may appear as if the 
computed currents have little or no relation to the actual currents. 
Fortunately, however, most of the assumptions made lead only to minor 
errors, and currents can be correctly represented ila the first approxima- 
tion by means of the slopes of a series of isobaric sulfaces relative to one 
reference surface. In the Straits of Florida an excellent agreement has 
been obtained between observed and computed currents (fig. 184, p. 674) ; 
off the Grand Banks of Newloundland the computed currents have been 
used successfully by the International Ice Patrol for predicting the drift 
of icebergs (p. 668) ; and in many areas results ot computations have been 
checked against directly observed surface currents or results of drift- 
bottle experiments. The method that has been outlined ha.s therefore 
become standard procedure in physical oceanography. 

It was stated that in the Northern Hemisphere the current is so 
directed that the isobaric surfaces slope upward to the right of an observer 
looking in the direction of flow and that the distances between LsoUaric 
surfaces increase with decreasing density. Provided that the level of 
no motion lies at some distance below the sea surface, one has then the 
simple rule: In the Northern Hemisphere the lighter water lies on the right- 
hand side of an observer lookirig in the direction of the current^ and the di user 
water hes on the lift hand. In the Southern Hemisphert th< lighter water 
lies to the left and the denser water to the right. 

Inasmuch as the density of the water near the surface is generally 
more dependent on the temperature than on the salinity, the term 
“lighter” may be replaced by “warmer,” and “denser” by “colder.” 
These rules greatly facilitate a rapid survey of the directions of the 
currents if charts are available showing the distribution of density or of 
temperature at different depths below the surface or in vortical sections. 
In general, the distribution of density is represented by v, or by anomalies 
of specific volume, 5 (pp. 56-59). 

Greater differences in density in a horizontal direction are found only 
in the upper layers of the ocean, and hence steep relative slopes of isobaric 
surfaces are present in the upper layers only. If the deeper and more 
uniform water masses are moving slowly, it follows that steep dbsolute 
slopes and corresponding swift currents are limited to the upper layers. 
In some areas the currents that are related to the distribution of density 
are neglipble at a depth of 500 m or less (California Current, Equatorial 
Countercurr^ts), in others at 1000 or 2CK)0 m (Kuroshio, Gulf Stream), 
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and in a few areas (Antarctic Circumpolar Current) they are important 
even at 3000 m. At the sea surface the computed velocities reach values, 
in the Gulf Stream and the Kuroshio up to 160 cm/sec, in agreement 
with observations. 

In general, the flow of the deep water cannot be computed from 
the distribution of density, mainly because in the deep water the differ- 
ences in density in a horizontal direction are so small that they cannot 
as yet be det^mined with sufficient accuracy. Conclusions as to the 
motion of the deep water are therefore based directly upon an examination 
of the distribution of temperature and salinity, and not upon the com- 
putations that have been outlined. 

The transport of water by the currents can be obtained from the 
computed velocities or directly from the distribution of density. Com- 
putation of transport is often useful for determining a layer of no motion, 
because the amount of water that is transported into any ocean region 
must nearly equal the amount that is transported out of the region in 
the same time. The difference must equal the difference between 
evaporation on one hand and precipitation and runoff from land on the 
other hand. This difference is, in general, small compared to the water 
masses that are transported by currents. Similarly, the net amount of 
salt carried by currents into any ocean region must be zero, a fact that 
may be used independently or in conjunction with consideration of the 
transport of water (p. 457). 

In the preceding discussion, no mention has been made of cause and 
effect. The reason is that any given distribution of density can remain 
unaltered in courae of time only in the presence of currents of the type 
that has been described Therefore, all that can be stated is that a 
mutual relation exists between the distribution of density and the cor- 
responding currents, but it is impossible to tell whether the distribution 
of density rau8e.s the currents or the currents cause the distribution of density. 
In order to enter upon the causal relationshi]), it is necessary to consider 
the factors that influence the distributior. of density — namely, the 
processes of heating and cooling and the effect of the wind. The heating 
and cooling were discussed in chapter IV, and here emphasis will be 
placed on the effect of the wind. 

Wind Cukrbnts and the Secondary Efvect or the Wind Toward 
Producing Ocean Currents. The effect of the wind on the ocean 
currents is twofold. In the first place, the stress that the wind exerts 
on the sea surface leads directly to the development of a shallow wind 
drift; in the second place, the transport of water by the wind drift leads 
to an altered distribution of density and the development of corresponding 
currents. 

In the case of the wind drift, only frictional forces and Coriolis 
forces are important. The wind exerts a stress on the sea surface which 
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seta the surface layer in motion, and similarly each moving layer of 
water exerts a stress on the next 'underi]ring layer. The latter sUesses 
are appredable even when the velocity difference between adjacent 
lay^s is small because of the high value of the eddy viscosity (p. 91). 
Ekman examined theoretically the wind drift, assuming the eddy vis- 
cosity to be constant, and he arrived at the following conclusions, which 
have been verified to a great extent by experience. In the Northern 
Hemisphere, the wind drift at the surface is directed 45“ to the right of 
the wind. With increasing depth the angle between the wind and the 
current increases and the velocity decreases. If the current at equal 
intervals of depth is represented by an arrow of the correct direction and 
of a length corresponding to the velocity, these arrows will form a spiral 
staircase, the steps of which become narrower as the depth increases 
(fig. 121, p 493). If the end points of these arrows are projected on a 
horizontal plane, they will he on a logarithmic spiral. In the Southern 
Hemisphere the wind drift is deflected at the surface 45“ to the left of the 
urind direction, but the other features are similar 

It follows that a depth can always be found at which the current 
flows in a direction exactly opposite to that of the surface current At 
this depth the velocity has decreased, on the assumption of a constant 
eddy viscosity, to a small fraction of its value at the surface, and below 
this depth the currents are negligible. Ekman therefore calls this depth 
the depth of fnctional resistance The thickness of the layer above the 
depth of frictional resistance can roughly be considered equal to the 
thickness of the layer which under the influence of prevailing winds is 
stirred up so thoroughly that it is nearly homogeneous. The depth of 
frictional resistance increases with increas’mg wind velocity and with 
decreasing latitude. .4t the Equator it is theoretically infinite. The 
relations between depth of frictional resistance, D, wind velocit y, W , 
and latitude, are expressed approximately by Z) = 7 6W/-\/ein 
The depth is obtained m meters when the wind velocity is given in meters 
per second. Similarly, at the sea surface the velocity of the wind drift 
is approximately Vo = 0.013 W/V&in 

The total transport due to the wind drift is directed at right angles 
to the wind, in the Northern Hemisphere to the right and in the Southern 
Hemisphere to the left. This transport is independent of the character 
and the numerical value of the eddy viscosity and depends only upon the 
stress of the wrind and the latitude. 

The wrind drift that has been described can develop only in the open 
ocean in regions where the wind blows in the same Erection and with 
the same velocity over wide areas. Near coasts and near r^ons of 
wdnd shifts, modifications arise and the secondary effect of the wind 
becomes important. Consider a wrind which in the Northern Hemisphere 
blows parallel to a coast that is on the right-hand side of an observer 
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wth his back to the wind, and assume that the density of the wnter 
incresM with depth, primarily because the temperature decreases. 
The direct efiPect of the wind leads to a transport of light and warm surface 
water toward the coast, but, since the coast represents an obstruction 
to the flow, the light and warm surface water becomes piled up against 
the coast, and at some distance denser and colder subsurface water must 
rise to replace the amount that has been carried toward the coast. Con- 
sequently, the distribution of density is altered, and, as a secondary 
effect, a current develops which flows in the direction of the wind, accord- 
ing to the rule that the lighter water shall be on the right-hand side 
of the current (fig. 106, p. 446). A steady state may be reached, depend- 
ing upon the stress of the wind and upon the rapidity with which the 
water that rises toward the surface is heated. 

If the coast lies to the left of the wind direction, the light and warm 
surface water is transported away from the roast and is replaced by 
denser and colder subsurface water. This process, which is known as 
upweUing, also leads to an altered distribution of density to which a 
current flowing in the direction of the wind corresponds. Experience 
shows that the upwelling is restricted to shallow depths, and its effect 
can be traced only to depths of 100 to 300 ra. The phenomenon of 
upwelling has been studied extensively, partly because the cold sub- 
surface water that is drawn up to the surface exercises a great influence 
upon the climates of the coasts where upwelling occurs, and partly 
because the upwelling water is rich m plant nutrients. Regions of 
upwelling are therefore regions of high productivity. These relations 
are dealt with elsewhere, and here it needs only to be emphasized that 
the upwelling is a direct effect of the wind and that, as a secondary effect, 
a current develops parallel to the coast and in the direction of the wind. 

In the open ocean, analogous cunditiuns are encountered. Where an 
atmospheric anticyclone is located over the ocean, the prevailing winds 
tend to transport the light surface water tc-ward the center of the anti- 
cyclone. Owing to this transport, an accumulation of light water is 
maintained near the center of the anticyclone, and corresponding to this 
distribution of density a current must be present that again flows in the 
direction of the wind. 

From this discussion it is clear that the prevailing winds are of primary 
importance to the current systems of the oceans. This importance is 
seen by a comparison of charts showing the prc\ ailing winds and currents, 
because in many regions the directions closely coincide. There are 
notable exceptions, however, which are mainly caused by the necessity 
of the coastal currents to follow the coast lines. 

It would be wrong, however, to place too great emphasis on the 
importance of the winds in maintaining the ocean currents, because in 
homogeneous water an entirely different system would develop. The 
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pattern that exista in the oceans is equally dependent upon the processes 
of heating and cooling, evaporation and precipitation — that is, on the 
external factors that tend to alter the density of the surface layers. 
Since the larger features of the distribution of density remain unaltered 
from year to year, it follows that the currents represent a necessary link 
in the delicate mechanism that maintains a steady state. Superimposed 
upon the average steady state are numerous disturbances, some of which 
are related to the change of seast n and are repeated in more or less 
similar manner year after year, and some of which are related to the 
irregular atmospheric disturbances and are unpredict^.ble. 

Tidal Cubrents. In contrast to currents that kre related to the 
distribution of density or to the wind, tidal currents do not bring about 
a transport of water over large distances. In sounds and narrow straits 
the tidal currents reverse their direction every six hours where a semi- 
diurnal tide dominates and eveiy twelve hours where a diurnal tide is 
present. In the open ocean the tidal currents are, in general, rotating, 
owing to the effect of Corioli’s force; that is, from hour to hour the 
currents change in both direction and velocity. In the Northern Hemi- 
sphere the change in direction is clockwise; in the Southern Hemisphere 
it is counterclockwise. The current completes one rotation in about 
twelve hours where the tide is semidiurnal and in about twenty-four 
hours where the tide is diurnal. The net transport of water in twelvf 
or twenty-four hours is therefore zero Theoretically, the tidal currents 
should run in the same direction and with the same velocity from the 
surface to the bottom except in the lowest 20 to 30 m, where they arc 
influenced by bottom friction. The correctness of this conclusion has 
been verified in shallow waters, but observations sufficient for verification 
are not available from the deep sea. 

The tidal currents vary from one locality to another, depending upon 
the character of the tide, the depth to the bottom, and the configuration 
of the coast, but in any given locality they repeat themselves as regularly 
as the tides to which they are related. In the open ocean, however, 
they are less readily observed because they are superimposed upon other 
currents that vary in an irregular manner and that can be eliminated 
only when long series of observations are available. Information as to 
tidal currents has primarily been collected from regions in which these 
currents are of importance to navigation. 

From the point of view of the marine biologist the most important 
aspect of the tidal currents is that they contribute greatly toward the 
stirring of the water layers, particularly in coastal areas, where the cur- 
rents can attain velocities up to several knots. 

Currents that are related to internal waves are in general of tidal 
period, but these currents vary in direction and velocity with depth. 
In the open ocean they can attain much higher velocities than the tidal 
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currents, which they may nearly mask. The study of the internal waves 
of the open ocean and of the currents that accompany them is of recent 
date, and much has yet to be learned. 

The tidal currents are maintained by rhythmic variations in the 
slopes of the isobaric surface. The rise and fall of the tide, which is 
caused by the action of the moon and the sun, demonstrates that wter is 
rhythmically piled up (high water) or removed (low water). The sea 
surface slopes down from a region of high water to one of low water, 
and all isobaric surfaces below the sea surface slope similarly, but six 
hours later the direction of the down-slope is reversed. The water 
particles therefore move under the influence of a periodically varsdng 
force, and the corresponding motion is an oscillation comparable to the 
oscillation of a pendulum, except that Coriolis force makes the particles 
move in ellipses instead ol back and forth along a straight line, where 
.such elliptic orbits arc not pi evented by boundaries. 

Internal waves can be considered as being maintained by rhythmic 
variations in the distribution of density, which, according to the relation 
between the distributions of density and pressure, is equivalent to 
rhythmic variation in the slopes of the isobaric surfaces. In an internal 
wave, one or more isobaric surfaces at intermediate depth remain level, 
however, and the slopes of the isobaric surfaces above or below a level 
surface are in opposite directions The corresponding currents are also 
in opposite directions, and, if several ’uternal waves of different periods 
are pri’sent simultaneously, a complicated pattern of currents is found. 

From this brief summary it is evident that it is virtually impossible 
to obtain knowledge of the ocean currents on an entirely empirical basis. 
If this were to be accomplished, it would be necessary to conduct measure- 
ments from anchored vessels at numerous localities for long periods and 
at many depths. By means of such measurements the different types 
of periodic currents could be examined, and by averaging they could be 
eliminated and the olher types studied. In many oceanographic 
problems, however, knowledge of the pcriolic current is less essential. 
The currents that transport water over long distances are the important 
ones Curriml'i related to the distribution of density can be computed 
from the more caail\ observed temperatures and salinities, following the 
procedure which has been outlined here and which will be discussed in 
detail in the following chapters, and wind currents can be examined 
theoretically. Herein lies the value of the application of hydrodynamics 
to oceanography ami the necessity of familiarity with this application if 
all possible conclusions shall be drawn from the observed distributions. 
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STATICS 

Unite and Dimensions 

In the preceding chapters, different units have been introduced 
without strict definitions, but now it is necessary to define both units 
and dimensions. The word “dimension ’’ in the English language is used 
with two different meanings. In everyday language, the term “dimen- 
sions of an object” refers to the size of the object, but in physics “ dimen- 
sions” mean the fundamental categories by means of which physical 
bodies, properties, or processes are described. In mechanics and hydro- 
dynamics, these fundamental dimensions are mass, length, and tin^, 
denoted by M, L, and T. When using the word “dimension” in this 
sense, no indication of numerical magnitude is implied, but the concept is 
emphasized that any physical characteristic or property can be described 
in terms of certain categories, the dimensions. This will be -clarified by 
examples on p. 402. 

Fundamental Units. In physics the generally accepted units of 
mass, length, and time are gram, centimeter, and second; that is, quanti- 
ties are ejcpressed in the centimeter-gram-second (e.g.s.) system. In 
oceanography, it is not always practicable to retain these units, because, 
in order to avoid using large numerical values, it is convenient to measure 
depth, for instance, in meters and not in centimeters. Similarly, it is 
often practical to use one metric ton as a unit of mass instead of one gram. 
The second is retained as the unit of time. A system of units based on 
meter, ton, and second (the m.t.8. system) was introduced by V. Bjerknes 
and different collaborators (1910). Compared to the e.g.s. system the 
new units are 1 m *■ 10* cm, 1 metric ton -= 10* g, 1 sec = 1 sec. For 
thermal processes, the fundamental unit, 1°C, should be added. 

Unfortunately, it is not practical to use even the m.t.8. system con- 
sistently. In several cases it is of advantage to adhere to the c.g.8. 
system in order to make results readily comparable with laboratory results 
that are expressed in such units, or because the numerical vdues are 
more conveniently handled in the c.g.s. system. When measuring hori- 
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lontal distances, on the other hand, it is preferable to use huger units 
rach as kilometers, statute miles, or nautical sniles. In oceanograidiy 
it is therefore always necessary to indicate the units in which any Quan** 
tity is measured. 

Dbrited Units. Units in mechanics other than mass, M, length, L, 
and time, T, can be expressed by the three dimensions, Af, Ir, and T, 
and by the unit values adopted for these dimenaons. Thus, vdocity 
has the dimension length divided by time, which is written as LT~^ and 
is expressed in centimeters per second or in meters per second. Velocity, 
of course, can be expressed in many other units, such as nautical miles 
per hour (knots), or miles per day, but the dimensions remain unaltered. 
Acceleration is the time change of a velocity and has the dimensions 
LT“*. Force is mass times acceleration and has dimensions MLT~*. 

Table 60 shows the dimensions of a number of the terms that will be 
used. Several of the terms in the table have the same dimensions, but 
the concepts on which the terms are based differ. Woik, for instance, 
is deff led as force times distance, whereas kinetic energy is defined ae 
mass times the square of a velocity, but work and kinetic energy both 
have the dimensions ML*T~*. Similarly, one and the same term can be 
defined differently, depending upon the concepts that are introduced. 
Pressure, for instance, can be defined as work per unit volume, ML*T~*L~* 
= but is more often defined as force per unit area, MLT~*L~* 

= ML-^T-\ 


Tabu! 60 

DIMENSIONS AND UNITS OF TERMS USED IN MECHANICS 


Term 

Dimen- 

sion 

Unit megs system 

Unit in m t a system 

Fundamental unU 




Mms 

M 

g 

metno ton 10* g 

Length 

L 

cm 

meter « 10* cm 

Time 

T 

sec 

sec 

Danwad unit 




Velocity 


om/sec 

m/sec « 100 cm/scc 

Aoeelerntion 

Lr-* 

cm/seo* 

m/sec* •• 100 os^seo* 

Angular velocity 

r-i 

1/seo 

l/sec 

Momentum 


g cm/sec 

ton m/sec « 10* g cm/sec 

Force 


g om/sec* 1 dyne 

ton m/sec* « 10* dynes 

Impulse 

MLT-^ 

g om/sec 

ton m/seo ■■ 10* g cm/sec 

Work 


g cm*/sec* » 1 erg 

ton ffl*/scc* ■■ 1 kiloioule 

Kmetie energy 

AfL*r * 

g cm*/seo* • 1 erg 

ton m*/M 0 * ■■ 1 kilojoule 

Activity (power) 


g om*/sec* * erg/sec 

ton m*/eeo* « 1 kilowatt 

Density 

ML-* 

g/om* 

ton/m* g/cm* 

Specific volume 

M-*L* 

omV« 

m*/ton • cm*/g 

Pressure 

ML-*T » 

g/om/sco* « dyne/om* 

ton/m/sec* ■* 1 centibar 

Gravity potential 

L*T-* 

cmVMO* 

m*/scc* ■■ 1 dynamic decimeter 

Dynamic viscosity 

ML-^T-t 

g/om/sse 

ton/m/see 10* g/em/see 

Kinematio viscosity 

ItT-i 

cmVsM 

m*/BCc - 10* om*/see 

Diffusion 

ItT-i 

cmVtce 

m*/sco » 10* em*/aee 


In any equation of physics, all terms must have the same dimensions, 
or, appli^ to mechanics, in all terms the exponents of the fundamental 
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dimenirioiui, M, L, and T, must be the same. It is inaccurate, fdr 
instance, to state that the acceleration of a body is equal to the sum of the 
forces acting on a body, because acceleration has dimensions LT~’, 
whereas force has dimensions MLT~\ The correct statement is that 
the acceleration of a body is equal to the sum of the forces per unit 
mass acting on a body. An example of a correct statement is the expres- 
sion for the pressure exerted by a column of water of constant density, 
p, and of height, h, at a locality where the acceleration of gravity is g: 

V = P9h. \ 

In this case the dimensnons on both sides of the equality sign are 
ML-^T-* = ML~» X LT-^ XL = 


Some of the constants that appear in the equations of physics have 
dimenmons, and their numerical values will therefore depend upon the 
particular units that have been assigned to the fundamental dimensions, 
whereas other constants have no dimensions and are therefore independ- 
ent of the system of units. Density has dimensions ML~*, but the den- 
sity of pure water at 4* has the numerical value 1 (one) only if the units 
of mass and length are selected in a special manner (grams and centi- 
meters or metric tons and meters). On the other hand, the specific 
gravity, which is the density of a body relative to the density of pure 
water at 4®, has no dimensions {ML~^/ML~*) and is therefore expressed 
by the same number, regardless of the^stem of units that is employed. 

The Fields of Gravity, Pressure, and Mass 

Level Surfaces. Coordinate surfaces of equal geometric depth 
below the ideal sea surface are useful when considering geometrical 
features, but in problems of statics or dynamics that involve considera- 
tion of the acting forces, they are not always satisfactory. Because the 
gravitational force represents one of the most important of the acting 
forces, it is convenient to use as coordinate surfaces the level surfaces, 
defined as surfaces that are everywhere normal to the force of gravity. It 
will presently be shown that these surfaces do not coincide with surfaces 
of equal geometric depth. 

It follows from the definition of level surfaces that, if no forces other 
than gravitational are acting, a mass can be moved along a level surface 
without expenditure of work and that the amount of work expended or 
gained by moving a unit mass from one surface to another is independent 
of the path taken. 

The amount of work, W, required for moving a unit mass a distance, 
h, along the plumb line is 

W - gh. 
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where g is the acceleration of gravity. Work per unit mass hhs dun«a* 
sions L*T~*, and the numerical value depends therefore only on the 
units used for length and time. When the length is measured in meters 
and the time in seconds, the unit of work per unit mass is called a dynamic 
decimeter (Bjerknes and different collaborators, 1910). 

In the following, the sea surface will be considered a level surface. 
The work required or gained in moving a unit mass from sea level to a 
point above or below sea level is called the gravity potential, and in the 
m.t.s. system the unit of gravity potential is thus one dynamic decimeter. 

The practical unit of the gravity potential is the dynamic meter, 
for which the symbol D is used. When dealing with the sea the vertical 
axis is taken as positive downward. The geopotential of a level surface 
at the geometrical depth, z, is therefore, in dynamic meters, 

D^Hof‘gdz. (XII, 1) 

The geometrical depth in meters of a given level surface, on the other 
hand, is 

The acceleration of gravity varies with latitude and depth, and the 
geometrical distance between standard level surfaces therefore varies 
with the coordinates. At the North Pole the geometrical depth of the 
1000-dynaniic-meter surface is 1017.0 m, but at the Equator the depth 
is 1022.3 m, because g is greater at the Poles than at the Equator. Thus, 
level surfaces and surfaces of equal geometric depth do not coincide. 
Level surfaces slope relative to th" surfaces of equal geometric depth, 
and therefore a component of the acceleration of gravity acts along 
surfaces of equal geometrical depth. 

The topography of the sea bottom is represented by means of iso- 
baths — that is, lines of equal geometrical depth — but it could be presented 
equally well by means of lines of equal geopotential. The contour lines 
would then represent the lines of intersection between the level surfaces 
and the irregular surface of the bottom. These contours would no longer 
be at equal geometric distances, and hence would differ from the usual 
topographic chart, but their characteristics would be that the amount of 
work needed for mo^'ing a given mass from one contour to another would 
be constant. They would also represent the new coast lines if the sea 
level were lowered without alterations of the topographic features of the 
bottom, provided the new sea level would assume perfect hydrostatic 
equilibrium and adjust itself normal to the gravitational force. 

Any scalar field can similarly be represented by means of a series 
of topographic charts of equiscalar surfaces in which the contour lines 
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represent tiie lines of intersection of tiie level surfaces with the eqoi-* 
scalar surface. Charts of this character will be called geopotential topo> 
graphic charts, or charts of geopatential topography, in contrast to 
topographic charts in which the contour lines represent the lines along 
which the depth of the surface under consideration is constant. 

Tan Fibu> or GnaviTT. The fact that gravity is the resultant of 
two forces, the attraction of the earth and the centrifugal force due to the 
earth’s rotation, need not be considered, and it is sufficient to define 
gravity as the force that is derived empiricidly by pendulum observations. 
Furthenncne, it is not necessary to take into account^the minor irregular 
variations of gravity that detailed surveys reveal, but it is enough to ma-lfA 
use of the "normal” value, in meters per second per second, which at sea 
level can be represented as a function of the latitude, >p, by Helmert’s 
formula: 

go “ 9.80616(1 - 0.002644 cos + 0.000007 cos* 2^). 

Thus, the normal value at the poles is 9.83205, and at the Equator it is 
9.78027. The normal value of g increases with depth, according to the 
formula 

= ffo -I- 2.202 X 10- 'z. 

Prom formula (XII, 1) one obtains in dynamic meters the geopotential 
that corresponds to a given depth, r: 

D » Jg 2 + O.llQl X 10-»z*, 

* 

or from (XII, 2) the depth corresponding to a given value of D\ 

« » - Z) - 0.1168 X 10-«I>*. 

00 

In the first approximation, 

D = 0.98s and e = 1.02Z>, 

meaning that the numbers which represent the depth in meters deviate 
only by about 2 per cent from the numbers which represent the geo* 
potentitd in dynamic meters. Extensive use will be made of this numeri- 
cal agreement between the two units, but it must always be borne in 
mind that a dynamic meter is a measure of work per unit mass, and not 
a measure of length. The conversion factors, 0.98 and 1.02, are therefore 
not pure numbers, but the former has the dimensions LT-* and the latter 
has the dimensions L~*T*. 

The field of gravity can be completely described by means of a set 
of equipotential surfaces corresponding to standard intervals of the 
gravity potential. These are at equal distances if the geopotential ia 
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used as the vertical coordinate, but, if geometric depth is used, the 
distance between the equipotential surfaces varies. If the field is 
represented by equipotential surfaces at intervals of one dynamic 
decimeter, it follows from the definition of these surfaces that the numeri- 
cal value of the acceleration of gravity is the reciprocal of the geometric 
thickness in meters of the unit sheets 

The Field of Pressure. The distribution of pressure in the sea 
can be determined by means of the equation of static equilibrium : 

dp = kp,,t.fgdz. (XII, -3) 

Here, I; is a numerical factor that depends on the units used, and p,.»,p is 
the density of the water (p. 56). 

The hydrostatic equation will be discussed further in coimection with 
the equations of motion (p. 440). At this time it is enough to emphasize 
that, as far as conditions in the ocean are concerned, the equation, for 
all practical purposes, is exact. 

Introducing the geopotential expressed in dynamic meters as the 
vertical coordinate, one has lOdif) = gdz When the pressure is measured 
in decibars (defined by 1 bar = 10* dynes per square centimeter), the 
factor k becomes equal to Jfo. and equation (XII, 3) is reduced to 

dp “ pf 4 or d^j “ pdpf 

where a».e,p is the specific volume. 

Because p,a p and a, a,p differ little from unity, a difference in pressure 
is expressed in decibars by nearly the same number that expresses the 
difference in geopotential in dynamic meters, or the difference in geo- 
metric depth in meters. Approximately, 

Pi — Pi = Di — Dt - Zi - Zi. 

The pressure field can be completely described by means of a system 
of isobaric surfaces, losing the geopotential as the vertical coordinate, 
one can present the pressure distribution by a series of charts showing 
isobars at standard level surfaces or by a scries of charts showing the 
geopotmtial topography of standard isobaric surfaces In meteorology', 
the former manner of representation is generally used on weather maps, 
in which the pressure distribution at sea level is represented by isobars 
In oceanography, on the other hand, it has been found practical to 
repi'esent the geopotential topography of isobanc surfaces. 

The pressure gradient is defined by 



where n is directed normal to the isobaric surfaces (p. 166). The pressure 
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gradient has the eharacter of a force per unit volume, because pressure has 
the dimensions of a force per unit area. The dimension of a pressure is 
» MLT** X 1#“*, and the dimension of a pressure gradient is 
* MLT^^ X L'*. Multiplying the pressure gradient by the 
specific volume, one obtains a force per unit mass of dimensions 

LT-K 

The pressure gradient has two principal components: the vertical, 
directed normal to the level surfaces, and the horizontal, directed parallel 
to the level surfaces. When static equilibrium exists, the vertical com- 
ponent, expressed as force per unit mass, is balanced by the acceleration 
of gravity. This is the statement which is expressed mathematically 
by means of the equation of hydrostatic equilibrium. In a resting 
system the horizontal component of the pressure gradient is not balanced 
by any other force, and therefore the existence of a horizontal pressure 
gradient indicates that the system is not at rest or cannot remain at rest. 
The horizontal pressure gradients, therefore, although extremely small, 
are all-important to the state of motion, whereas the vertical are insig- 
nificant in this respect. 

It is evident that no motion due to pressure distribution exists or 
can develop if the isobaric surfaces coincide with level surfaces. In 
such a state of perfect hydrostatic equilibrium the horizontal pressure 
gradient vanishes. Such a state would be present if the atmosphgric 
pressure, acting on the sea surface, were constant, if the sea surface 
coincided with the ideal sea level and if the density of the water depended 
on pressure only. None of these conditions is fulfilled. The isobaric 
surfaces arc generally inclined relative to the level surfaces, and hori- 
zontal pressure gradients are present, forming a field of internal force. 

This field of force can also be defined by considering the slopes 
of isobaric surfaces instead of the horizontal pressure gradients. By 
definition the pressure gradient along an isobaric surface is zero, but, if 
this surface does not coincide with a level surface, a component of the 
acceleration of gravity acts along the isobaric surface and will tend to 
set the water in motion, or must be balanced by other forces if a steady 
state of motion is reached. The internal field of force can therefore be 
represented also by means of the component of the acceleration of gravity 
along isobaric surfaces (p. 440). 

Regardless of the definition of the field of force that is associated 
with the pressure distribution, for a complete description of this field 
one must know the abeolute isobars at level surfaces or the absolute 
geopotential contour lines of isobaric surfaces. These demands cannot 
possibly be met. One reason is that measurements of geopotential 
distances of isobaric surfaces must be made from the actual sea surface, 
the topography of which is unknown. It will be shown that all one can 
do is to determine the pressure field that would be present if the pressure 
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distribution depended only upon the distribution of mass in the sea* 
This part of the total pressure field will be called the relative fidd cf 
pressure, but it cannot be too strongly emphasised that the toUd fidd of 
pressure is composed of this relative field and, in addition, a field that 
is maintained by external forces such as atmospheric pressure and wind. 

In order to illustrate this point a fresh-water lake will be considered 
which is so small that horisontal differences in atmospheric pressure 
can be disregarded and the acceleration of gravity can be considered 
constant. Let it first be assumed that the water is homogeneous, 
meaning that the density is independent of the coordinates. In this 
case, the distance between any two bobaric surfaces is expressed by the 
equation 

Afc = ^ Ap. (XII, 4) 

This equation simply states that the geometrical distance between iso- 
baric surfaces is constant, and it defines completely the internal field of 
pressure. The total field of pressure depends, however, upon the 
configuration of the free surface of the lake. If no wind blows and if 
no stress is thus exerted on the free surface of the lake, perfect hydro- 
static equilibrium exists, the free surface is a level surface, and, similarly, 
all other isobaric surfaces coincide with level surfaces. On the other 
hand, if a wind blows across the lake, the equilibrium will be disturbed, 
the water level will be lowered at one end of the lake, and water will be 
piled up against the other end. The free surface will still be an isobaric 
surface, but it will now be inclined relative to a level surface. The 
relative field of pressure, however, will remain unaltered as represented 
by equation (XII, 4), meaning that all other isobaric surfaces will have 
the same geometric shape as that of the free surface. 

One might continue and introduce a number of layers of different 
density, and one would find that the same reasoning would be applicable. 
The method is therefore also applicable when one deals with a liquid 
within which the density changes continually with depth. By means of 
observations of the density at different depths, one can derive the relative 
field of pressure and can represent this by means of the topography of the 
Lsobaric surfaces relative to some arbitrarily or purposely selected isobaric 
surface. The relative field of force can be derived from the slopes of the 
isoba 'c surface relative to the selected reference surface, but, in order 
to find the absolute field of pressure and the corresponding absolute 
field of force, it is necessary to determine the absolute shape of one 
isobaric surface. 

These considerations have been set forth in great detail because 
it is essential to be fully aware of the difference between the absolute 
field of pressure and the relative field of pressure, and to know what types 
of data are needed in order to determine each of these fields. 
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Thb Fibld of Mass. The field of mass in the ocean is generally 
described by means of the specific volume as expressed by (p. 57) 

* OIU.0.P + S. 

The field of the specific volume can be considered as composed of two 
fields, the field of a»s n,, and the field of S. 

The former field is of a simple character The surfaces of att.op 
coincide with the isobaric surfaces, the deviations of which from level 
surfaces are so small that for practical purposes the surfaces of an.o.p 
can be considered as coinciding with level surfaces or with surfaces of 
equal geometric depth. The field of ass o p can therefore be fully described 
by means of tables giving ass o p as a function of picshure and giving the 
average relationships between pressure, geopotential and geometric 
depths. Since this field can be considered a constant one, the field of 
mass is completely described by means of the anomaly of flu specific 
volume, 8, the determination of which was dibcussed on p 58. 

The field of mass can be repres* nted by means of the topography of 
anomaly surfaces or by means of horizontal charts or vertical sections 
in which curves of 5 = constant aic entered. The latter method is the 
most common. It should always be borne in mind, however, that the 
specific volume in silu is equal to the sum of the standard specific volume, 
aj6 0 p, at the pressure m sttu and the anomaly, 8. * 

The Relative Field op Pressure. It is impossible to deteunme 
the relative field of pressure in the sea by direct observ'ations, using some 
type of pressure gauge, because an error of only 0.1 m in the depth of a 
pressure gauge below the sea surface would introduce errors greater 
than the horizontal differences that should be established. If the field 
of mass is known, howcvei, the internal field of prc.ssure can be deter- 
mined from the equation of static cctiiilibrium in one of the lorms 

dp = fldD or dD = adp. 

In oceanography the latter form has been found to be the more practical, 
but all reasoning applies equally well to results deduced from the former. 
Integration of the latter form gives 

D, - D2^ f’^a.i^p. (XII, 5) 

mfPl 

Because a# ^ p ^ o p ^ 

one can write 

(D. - Ih). + AD ^ £' a,» 0 pdp + Xr 

J f*Pf 

ai( 0 i^p 

and is called the standard geopotential distance between the isobaric 
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surfaces Pi and pi, and where 

^ “ Xr (XII. 7) 

is called the anomaly of the geopotential distance between the isobaric 
surfaces pi and pj, or, abbreviated, the geopotential anomaly. 

Equation (XII, 6) can be interpreted as expressing that the relative 
field of pressure is composed of two fields: the standard field and the 
field of anomalies. The standard field can be determined once and for 
all, because the standard geopotential distance between isobaric surfaces 
represents the distance if the salinity of the sea water is constant at 
35 ®/oo and the temperature is constant at 0®C. The standard geo- 
potential distance decreases with increasing pressure, because the specific 
volume decreases (density increases) with pressure, as is evident from table 
7H in Bjerknes (1910), according to which the standard geopotential 
distance between the isobaric surfaces 0 and 100 decibars is 97.242 
dynamic meters, whereas the corresponding distance between the 5000- 
and 5100-decibar surfaces is 95.153 dynamic meters. 

The standard geopotential distance between any two standard 
isobaric surfaces is, on the other hand, independent of latitude, but 
the geometric distance between isobaric surfaces varies with latitude 
because g varies. 

Because in the standard field all isobaric surfaces are parallel relative 
to each other, this standard field lacks a relative field of honzontal force. 
The relative field of force, which is associated with the distribution of 
mass, is completely described by the field of the geopotential anomalies. 
It follows that a chart showing the topography of one isobaric surface 
relative to another by means of the geopotential anomalies is equivalent 
to a chart showing the actual geopotential topography of one isobaric 
surface relative to another. The practical determination of the relative 
field of pressure is therefore reduced to computation and representation 
of the geopotential anomalies, but the abs^^lute pressure field can be 
found only if one can determine independently the absolute topography 
of one isobaric surface. 

In order to evaluate equation (XII, 7), it is necessary to know the 
anomaly, 4, as a function of absolute pressure. The anomaly is com- 
puted from observations of tempierature and salinity, but oceanographic 
observations give information about the tempt rature and the salinity at 
known geometrical depths below the actual sea surface, and not at known 
pressures. This difficulty can fortunately be overcome by means of an 
artificial substitution, because at any given depth the numerical value of 
the absolute pressure expressed in decibars is nearly the same as the 
numerical value of the depth expressed in meters, as is evident from the 
following corresponding values: 
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SUadard aea pranu» (deeibaa). , 
Approximate geometric depth (m) 


1000 2000 3000 4000 5000 0000 
900 1975 2956 3933 4906 5875 


Thus, the numerical values of geometric depth deviate only 1 or 2 per 
cent from the numerical values of the standard pressure at that depth. 
This agreement is not accidental, but has been brought about by the 
selection of the practical unit of pressure, the decibar. 

It follows that the temperature at a pressure of 1000 decibars is 
nearly equal to the temperature at a geometric depth of 990 m, or the 
temperature at the pressure of 6000 decibars is nearly equal to the 
temperature at a depth of 5875 m. The vertical tetnperature gradients 
in the ocean are small, especially at great depths, and therefore no serious 
error is introduced if, instead of using the temperature at 990 m when 
computing 5, one makes use of the temperature at 1000 m, and so on 
The difference between anomalies for neighboring stations will be even 
less affected by this procedure, because within a limited area the vertical 
temperature gradients will be similar The introduced error will be 
nearly the same at both stations, and the difference will be an error of 
absolutely negligible amount. In practice one can therefore consider 
the numbers that represent the geometric depth in meters as representing 
absolute pressure in decibars If the depth in meters at which either 
directly observed or interpolated values of temperature and salinity 
are available is interpreted as representing pressure in decibars, one rtln 
compute, by means of the tables in the appendix, the anomaly of specific 
volume at the given pressure By multiplying the average anomaly of 
specific volume between two pressures by the difference in pressure in 
decibars (which is considered equal to the difference in depth in meters), 
one obtains the geopotential anomaly of the isobaric sheet in question 
expressed in dynamic meters. By adding these geopotential anomalies, 
one can find the corresponding anomaly between any two given pres- 
sures An example of a complete computation is given in table 61 
Certain simple relationships between the field of pressure and the 
field of mass can be derived by means of the equations for equiscalar 
surfaces (p. 155) and the hydrostatic equation In a vertical profile the 
isobars and the isopycnals are defined by 


dp 

dx 


dx -f 


dp 

dz 


dz = 0, 


^ dx + ^ dz = 0 
dx dz 


The inclinations of the isobars and isopycnals are therefore 

. _ _ dpidx _ _ dpidx 

“ dpidz' ~ dp/dz’ 

By means of the hydrostatic equation 


gp « dpidz, 
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Table 61 


EXAMPLE OF COMPUTATION OF ANOMALIES OP DYNAMIC DEPTH 
(Station E. W. Sertpp» M Lat 82'’67'N, Ixing m’OT'W, Februaiy 17, 1«88) 


Meters or 
decibars 

Temp. 

CC) 

Salin- 

ity 

(•/..) 

1 

i0‘a. t 

10»J., 

10‘»,, 

10»« 


AD 

(dynamic 

meter) 

0 

14 22 

33 25 

24 81 

316 0 



315 



10 

18 72 

24 

91 

305 5 


0 3 

306 


0310 

25 

71 

24 

91 

305 5 


0 7 

306 


0769 

50 

36 

30 

25 03 

294 2 

-‘O 1 

1 3 

296 

0752 

1521 

75 

0 96 

57 

86 

215 2 

-0 2 

1 6 

217 

0641 

2162 

100 

38 

84 

26 17 

185 7 

-0 3 

2 0 

187 

OuOo 

2667 

150 

8 82 

98 

37 

166 5 

-0 3 

2 9 

169 

UoOU 

3557 

200 

48 

34 09 

61 

153 5 

-0 3 

3 7 

157 

OolO 

1^*7 AO 

4372 

250 

30 

16 

59 

145 9 

-0 4 

4 6 

150 

OiOo 

5140 

300 

7 87 

20 

60 

136 4 

-0 5 

5 2 

141 

0/ ^ 

5868 

400 

07 

20 

80 

125 9 

-0 6 

6 4 

132 

lODO 

liVlA 

7233 

500 

6 14 

26 

97 

109 8 

-0 7 

7 2 

116 

lAAC 

8473 

600 

5 51 

35 

27 12 

95 6 

-0 8 

7 9 

103 

lOlA 

9568 

800 

4 65 

42 

28 

80 4 

-1 0 

8 9 

88 

iviu 

1 1478 

1000 

3 99 

44 

36 

72 9 

-1 2 

9 8 

82 

17UU 
1 eoA 

1 3178 

1200 

52 

52 

48 

61 5 

-1 4 

10 3 

70 


1 470 

1400 

07 

54 

54 

55 8 

-1 0 

10 8 

66 

loDU 

1 606 

1600 

2 69 

56 

59 

51 1 

-1 0 

10 9 

61 

IZ/II 
1 1 7n 

1 783 

1800 

37 

59 

64 

46 3 

-1 0 

10 8 

o6 

J 1 < U 
1070 

1 850 

2000 

13 

64 

69 

41 6 

-1 1 

10 6 

51 

lUf U 
dBOO 

1 957 

3000 

1 62 

68 

76 

35 0 

-1 4 

11 7 

45 

wOvU 

ddOO 

2 437 

4000 

50 

70 

81 

30 2 

-1 7 

14 1 



2 877 


one obtainR 


gpt, » -dp/dx 


From the two latter equations it follows that 



di~ ^ dz 


(ptj.)* - = 


% 


dz 


If the density distribution is represented by means of umt sheets (p. 156), 
the integral on the right-hand side can be evaluated 

(/Wj>)* ~ (p*j»)» * **ip* ~ pi)» (xn, 8) 

where means the average inclination of unit sheets The isobano 
surface pi lies above the surface p*, because the vertical axis is positive 
downward. The inclmation of the upper isobaric surface relative to the 
lower. 1 ,. ... therefore, when an average value of the density is mtro- 
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7 Pj ~ Pi 

Using the specific volume anomaly and making the spedfic volume equal 
to unity, one obtains approximately 

ip^-P. * -u(«i - «,). (XII, 9) 

Because b decreases with depth, 5i — is is positive, and the inclination 
of one isobaric surface relative to another is of opposite sign to the 
inclination of the 6 surfaces (p. 449). This rule permits a rapid estimate 
of the relative inclinations of isobaric surface in a section in which the 
field of mass has been represented by i curves. 

Profiles of isobaric surfaces based on the data from a series of stations 
in a section must evidently' be in agreement with the inclination of the b 
curves, as shown in a section and based on the same data, but this obvious 
rule often receives little or no attention. 

Kklative Geopotuntial Topogkaphy of Isobaric Surfaces. 
If simultaneous observations of the vertical distribution of temperature 
and salinity were available from a number of oceanographic stations 
within a given area, the relative pressure distribution at the time of the 
observations could be represented by a series of charts showing the geo- 
polential topography of standard isobaric surfaces relative to one 
arbitrarily or purposely .-lelected reference surface. From the preceding 
it is evident that ihese topographies arc completely represented by means 
of the geopotential anomalies. 

In practice, simultaneous observations are not available, but in 
many instances it is permissible to assume that the time changes of the 
pressure distribution are so small that observations taken within a given 
period may be considered simultaneous. The smaller the area, the 
shorter must be the time interval within which the observations &ie 
made. Figs 110, p. 454 and 204, p. 726, represent examples of geo- 
potential topographies. The conclusions as to currents which can be 
based on such charts will be considered later. 

Charts of geopotential topographies can be prepared in two different 
ways. By the common method, the anomalies of a given surface relative 
to the selected reference surface are plotted on a chart and isolines are 
drawn, following the general rules for presenting scalar quantities. In 
this manner, relative topographies of a series of isobaric surfaces can be 
prepared, but the method has the disadvantage that each topography 
is prepared separately. 

By the other method a series of charts of relative topographies is 
prepared stepwise, taking advantage of the fact that the anomaly of geo- 
potential thickness of an isobaric sheet is proportional to the average 
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specific volume anomaly, \ in the iaobarie cheet. Thus, if ihe 
of the iaobarie sheet is 100 dedbars, “ 1005. Consequently, 

curvM of 1005 represent the topography of the surface p - pi - 100 
rdalive to the surface p * pi, and one can proceed as follows: The topog- 
raphy of the surface p, — 200, where p« is the selected reference surface, 
is constructed by means of curves of equal values of the specific volume 
anomaly in the sheet p, to p, — 100. The topography of the surface 
p, — 200 relative to the surface p, — 100 is constructed by means of the 
specific volume anomalies in the sheet p, — 100 to p, — 200, and by 
graphical addition of these two charts (V. Bjerknes and collaborators, 
1911) the topography of the surface p« — 200 relative to the surface 
p. is found. This process can be repeated, and by successive construc- 
tions of charts and specific volume anomalies and by graphical additions, 
the entire fields of mass and pressure can be represented. 

This method is widely used in meteorology, but is not commonly 
employed in oceanography because, for the most part, the different 
systems of curves are so nearly parallel to each other that graphical 
addition is cumbersome The method is occasionally useful, however, 
and has the advantage of showing clearly the relationship between the 
distribution of mass and the distribution of pressure. It especially 
brings out the geometrical feature that the isohypses of the isobaric 
surfaces retain their form when passing from one isobanc surface to another 
only if the anomaly curves are of the same form as the isohypses. This 
characteristic of the field is of great importance to the dynamics of the 
system. 

Character of the Total Field of Pressure. From the above 
discussion it is evident that, in the absence of a relative field of pressure, 
isosteric and isobaric surfaces mu t coincide Therefore, if for some 
reason one isobanc surface, say the free surface, deviates from a level 
surface, then all isobaric and isosteric surfaces must deviate in a similar 
manner. Assume that one isobaric surface in the disturl>cd condition 
lies at a distance Ak cm below the position in undisturbed conditions. 
Then all other isobaric surfaces along the same vertical are also dis- 
placed the distance AA from their undisturbed position. The distance 
AA is positive downward because the positive z axis points downward. 
Call the pressure at a given depth at undisturbed conditions po* Then 
the pressure at disturbed conditions is Pt — P< Ap, where Ap — gpbh 
and where the di.splacement AA can be considered as being due to a 
deficit or an excess of mass in the water column under consideration. 

The above conaderations are equally valid if a relative field of 
pressure exists. The absolute distribution of pressure can always be 
completely determined from the equation 

Pi * Po ^pAA, 



4U STATICS AND KINEMATICS 

Mod would tfaerefrao be fully known if one could determine M, the vertienl 
dkplaoement of the ieoberie eurfaoes doe to excess or deficit of mace in 
the column under eonsidention. An added hoiisontal field of force is 
present when this vertical displacement varies from one locality to 
another, in which case the absolute isobaric surfaces slope in relation to 
the isobaric surfaces of the relative field. The added field can be called 
the dope field, and this analysis thus leads to the result that the total 
field of pressure is composed of the internal field and the elope field. 
This distinction is helpful when discussing the character of the currents. 

Significance of Surfaces 

The density of sea water at atmospheric pressure, expressed as 
— 1) X 10*, is often computed and represented in horisontal 
charts or vertical sections. It is therefore necessary to study the sig- 
nificance of V( surfaces, and in order to do so the following problem 
will be contidered: Can water masses be exchanged between Cerent 
places in the ocean space without altering the distribution of mass? 

The same problem will first be considered for the atmosphere, assum- 
ing that this is a perfect, dry gas. In such an atmosphere the poterUial 
temperature means the temperature which the air would have if it were 
brought by an adiabatic process to a standard pressure. The potential 
temperature, 9, is 


where i? is the temperature at the pressure p, po is the standard pressure, 
and X - 1.4053 is the ratio of the two specific heats of an ideal gas (cp/cv). 
In a dry atmosphere in which the temperature varies in space and in which 
the vertical gradient differs from the gradient at adiabatic equilibrium, 
it is always possible to define surfaces of equal potential temperature. 
One characteristic of these surfaces is that along such a surface air masses 
can be interchanged without altering the 'distribution of temperature 
and pressure and, thus, without altering the distribution of mass. 

Consider two air masses, one of temperature at pressure pi, and 
one of temperature at pressure pz. If both have the same potential 
temperature, it follows that 
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Tho Iftttor 6QUfttioui tdl tlutt if the sir nnmai origiiiftlly ehtiTiifttgriied 
by tf*, pt is brought adubstically to prenore pi, its temperature has 
been changed to di, and, nmilarly, that the air mass which oriidiutUy 
was characterised by di, pi attains the temperature d* if brou^t to 
pressure pt. Thus, no alteration of the distribution of mass is made by 
an exchange, and such an exchange has no influence either on the poten- 
tial energy of the system or on the entropy of the system. In an ideal 
gas the surfaces of potential temperature are tiierefore isentropic surfaces. 

With regard to the ocean, the question to be considered is whether 
surfaces of similar characteristics can be found there. Let one water 
mass at the geopotential depth Di be characterised by salinity Si and 
temperature di, and another water mass at geopotential depth D» be 
characterised by salinity Si and temperature di. The densities tn *itu 
of these small water masses can then be expressed as and 

Now consider that the mass at the geopotential depth Dt is moved 
adiabatically to the geopotential depth Dt. During this process the 
temperature of the water mass will change adiabatically from di to 0i 
and the density in aitu will be <r„ «„ d ,. Moving the other water mass 
adiabatically from Dt to Di will change its temperature from di to $t. 
If the two water masses are interchanged, the conditions 

<1 i>« ~ «„D„ v*, #, D, = Vt, «■ p, (XU, 10) 

must both be fulfilled if the distribution of mass shall remain unaltered. 
These conditions can be fulfilled, however, only in the trivial case that 
Si “ Si, di * di, and Di = Dt. This is best illustrated by a numerical 
example Assume the values 

Si =» 36.01 Voo, di = 13.73®, Di =« 200 dyn meters. 

S* = 34.60 Voo, di = 8.10®, Dt = 700 dyn meters. 

These values represent conditions encountered in the Atlantic Ocean, but 
at a distance of about 50® of latitude. 

The adiabatic change in temperature between the geopotential depths 
of 200 and 700 dyn meters is 0.09®, and thus di » i3.82, fit ■■ 8.01. 
By means of the Hydrographic Tables of Bjerknes and collaborators, one 
finds 


D, = 30.24, *= 30.24, difference =» 0.00. 

- 27.97, «r., t, d, “ 27.92, difference *» 0.06. 

Thus, the conditions (XII, 10) are not both fulfilled and the two water 
nnua^ cannot be interchanged without altering the distribution of mass. 

It should also be observed that the mixing of two water masses that 
are at the aama depth and are of the same density tn situ, but of different 
temperatures and salinities, produces water of a higlmr density. If, 
at D » 700 dyn meters, equ^ parts of water Si * 36.01 V ooi di «* 13.82® , 
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awl St ■■ 84.60 Vmi 8.10% respectively, are mixed, tbe resultwg mix- 
ture will have a salimty S >« 35.306 Voo, and a temperature 6 ^ 10.96^. 
The density tn situ of t^ two water masses was identical (ir«,«.z> <** 30.24), 
but the resulting mixture has a Mgber density, 30.29. Similarly, if 
equid parts of the water masses Si - 36.01 Vo«, = 13.73®, Di » 200 
dyn meters, and St « 34.60 Voo, 6t = 8.01®, and Dt ^ 200 dyn meters 
are mixed, the density in situ of the mixture will be 27.98, although the 
densities of the two water masses were 27.97 and 27.92, respectively. 

This discussion leads to the conclusion that in the ocean no surfaces 
exist along which interchange or mixing of water m^isses can take place 
without altering the distribution of mass and thus utering the potential 
energy and the entropy of the system (except in the trivial case that 
isohaline and isothermal surfaces coincide with level surfaces). There 
must exist, however, a set of surfaces of such character that the change 
of potential energy and entropy is at a minimum if interchange and 
mixing takes place along these surfaces. It is impossible to determine 
the shape of these surfaces, but the v* surfaces approximately satisfy the 
conditions. In the preceding example, which represents very extreme 
conditions, the two water masses were lying nearly on the same v, 
surface (v,, = 27.06, <r,, ® 26.97). 

Thus, in the ocean, the o-, surfaces can be considered as being nearly 
equivalent to the isentropic surfaces in a dry atmosphere, and th^cr, 
surfaces may therefore be called quasi-isentropic surfaces. The name 
implies only that interchange or mixing of water masses along o’, surfaces 
brings about small changes of the potential energy and of the entropy of 
the body of water. 

Stability 

The change in a vertical direction of <r, is nearly proportional to the 
vertical stability of the system. Assume that a water mass is displaced 
vertically upward from the geopotential depth Di to the geopotential 
depth Du The difference between the density of this mass and the 
surrounding water (see p. 57) will then be 

Ap = 10-» Aa, + ^ AS + Ad - ^ Atf, (XII, 11) 

where Aa’,, AS, and Ad represent the variations of at, S and d between 
the geopotentials £>i to Di, and where A9 represents the adiabatic change 
of temperature. The water mass will evidently remain at rest in the new 
surroundings if Ap » 0; it will sink back to its original place if Ap is 
positive, because it is then heavier than the surroundings; and will rise if 
Ap is negative, because it is then lighter than the surroundings. The 
acceleration of the mass will be proportional to Ap/p. The reasoning 
remains unaltered if we introduce geometric depths instead of geo- 
potential. If the acceleration due to displacement along the idiort 
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vertical distance As is proportional to Ap/p, then the acceletatiim due 
to displacement along a vertical distance of unit length must be pio- 
portional to Ap/pAs. Hesselberg (1918) has called the term 


E 


lim 

^-^0 P p aZ 


(XII, 12) 


the “stability.” Omitting the factor 1/p, which differs little from unity, 
one obtains, by means of equation (XII, 11), 

jp _ iA— I dS . 2> d^ dp d9 Y 4Q\ 


where dd/ds is the adiabatic change of temperature per unit length. 
This term is small, and, because the c terms and the vertical gradients of 
salinity and temperature also are small, it follows that, approximately, 

E' = l0-» (XII, 14) 


Table 62 

STABILITY AT MICHAEL EARS STATION NO 44 
(Lat. 28®37'N, Long. 19®08W. May 28, 1910) 


Depth (m; 

Temp. 

cc) 

r" — ■' ~ 

Salinity 

(V») 

1 

10*^ 

10»{ifa»/d*) 

0 

10.. 

25 

50 1 

75 

100 

^ 19 2 
.31 
.34 

24 

18.65 

.24 

36 87 

85 

.83 

.79 

.79 

.78 

26 42 
.38 
.35 

34 

.49 

.58 

-440 

-150 

-13 

610 

390 

BA 

-400 

-200 

-40 

600 

375 

an 

150 

200 

300 

400 

17 60 
16.45 

14 52 

13 08 

.56 

.40 

.02 

35 77 

.61 

.73 

88 

.99 

270 

]60 

120 

240 

150 

110 

500 

600 

11.85 

10 80 

.64 

.54 

27.13 

.25 

lOU 

130 

100 

J14U 

120 

00 

800 

9 09 

.39 

43 

80 


1000 

8 01 

.37 

58 

09 

t V 

80 

1200 

1 7.27 

.42 

.74 

ov 

48 

30 

1400 

1 6 40 

.35 

.80 

39 

12 

2000 

i 4 52 

.16 

.87 

11 2 

—1 

3000 

1 2.84 1 

34.92 I 

.86 

7.6 

1 

4000 . 

' 2 43 1 

.90 

.87 

1.3 

0 

5000 . . .. 

2 49 ' 

1 

.90 I 

.87 




Hesselberg and Sverdrup (1914-15) have published tables by means 
of which the terms of equation (XII, 13) are found, and give an entmple 
based on observations in the Atlantic Ocean on May, 1910, m lat. 28*37^N, 
long. 19‘W'W (Helland-Hansen, 1930). This example is reproduced in 
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table 62, in which the exact values of the stability are given under the 
hAiuting lO'ir, and the approximate values, obtained by means of equation 
(XII, 14), under the heading I0\hr,/ds. The two values agree fairly 
wdl down to a depth of 1400 m. The negative values above 50 m indi- 
cate instability. 

Hessdberg and Sverdrup have also computed the order of magnitude 
of the different terms in equation (XII, 13) and have shown that dttifdz 
is an accurate expression of the stability down to a depth of 100 m, but 
that between 100 and 2000 m the terms containing f may have to be con- 
sidered, and that below 2000 m all terms are impotent. The following 
practical rules can be given: 

1. Above 100 m the stability is accurately expressed by means of 
10 ~* dot/dx. 

2. Below 100 m the magnitude of the other terms of the exact equation 
(XII, 13) should be examined if the numerical value of 10~' dxh/dx is less 
than 40 X lOrK 

The stability can also be expressed in a manner that is useful when 
considering the stability of the deep water: 


dS dz dd \dz dz) 


(XII, 15) 


If the salinity does not vary with depth {d^/dz 
in the deep water, 



0), as is often the case 


(XII, 16) 


Of the quantities in this equation, dp/dd is negative, dd/dz is positive, 
and dd/dz is negative if the temperature decreases with depth, but 
positive if the temperature increases. The stratification will always be. 
stable if the temperature decreases with depth or increases more slowly 
than the adiabatic, but indifferent equilibrium exists if dd/dz = dd/dz, 
and instability is found if dd/dz > dd/dz. 

KINEAUTICS 
Vector Fields 

A vector field can be completely represented by means of three sets 
of charts, one of which shows the scalar field of the magnitude of the 
vector and two of which show the direction of the vector in horizontal and 
vertical planes. It can also be fully described by means of three sets of 
scalar fidds representing the components of the vector along the principal 
coordinate axes (V. Bjerknes and different collaborators, 1911). In 
oceanography, one is concerned mainly with vectors that are horizontal, 
such as velocity of ocean currents — that is, two-dimensional vectors. 
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These can be completely represented by means <rf two sets of chartSt 
or one chart with two sets of curves — vector lines, which at all points give 
t^ direction of the vector, and equiscalar curves, which g^ve the mag- 
nitude of the vector. Pig. 95 shows a schematic example of an arbitrary 
two-dimensional vector field that is represented by means of vectors of 
indicated direction and magnitude and by means of vector lines and 
equiscalar curves of magnitude 



Fig 93 Representaiioi a two dimensional vector 
field by vectors of indicated direction and magnitude and 
by vector lines and equiscalar curves 


Vector lines cannot intersect except at sin^alar points or lines, where 
the magnitude of the vector is zero Vector lines cannot begin or end 
within the vector field except at singular points, and vector lines are 
continuous. 

The simplest and most important singularities in a two-dimensional 
vector field are shown in fig. 96: These are (1) points of divergence 
(fig. 96A and C) or convergence (fig. 96B ana D), at which an infinite 
number of vector lines meet; (2) neutral points, at which two or more 
vector lines intersect (the example in fig. 96E shows a neutral point of the 
first order in which two vector lines intersect — that is, a hyperbolic 
point) ; and (3) lines of divergence (fig. 96G) or convergence (fig 96F), 
from which an infinite number of vector lines diverge asymptotically 
or to which an infinite number of vector lines converge asymptotically. 
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The significance of these singularities in the field of motion will be 
explmned bdow. 

It is not necessary to enter upon all the characteristics of vector 
fields or upon all the vector operations that can be performed, but two 
important vector operations must be mentioned. 




Fig. 96 . Singularitiefl in a two-dimensional vector field. A and C, points of 
divergence; B and D, points of convergence; E, neutral point of first order ^3rperbolic 
point); P, line of convergmice; and O, Ime of divergence. 


Assume that a vector A has the components Ay, and A,. The 
scalar quantity 

div A - ^ ^ 

dx dy 


is called the dmrgenee of the vector. 
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The vector which has the components 

p dAg dAy 

"" dy 'dz' 

p _ dAx dAg 

® dz h ' 

p dA y dA 2 

* “■ F “ "dy 


is called the cwl^ or the voriiciiyj of the vector A. Divergence and 
vorticity of felds of velocity or momentum have definite physical 
interpretations 

Two representations of a vector that varies in space and time will 
also be mentioned. A vector that has been observed at a given locality 
during a certain time interval can be represented by means of a central 
vector diagram (fig. 97) In this diagram, all vectors are plotted from the 
same point, and the time of ob- 
servation is indicated at each 
vector. Occasionally the end 
points of the vector are joined by 
a curve on which the time of ob- 
servation is indicated and the 
vectors themselves are omitted 
This form of representation is 
commonly used \vhen dealing 
with periodic currents such as tidal currents A central vector diagram 
is also used extensively in pilot charts to indicate the frequency of winds 
from given directions In this case ihe direction of the wind is shown by 
an arrow, and the frequency of wind from that direction is shown by the 
length of the arrow. 

If it can be assumed that the observations were made in a uniform 
vector field, a progressive vcctoi diagram is useful This diagram is 
constructed by plotting the second vector from the end point of the first, 
and so on (fig 97) Wh(‘n dealing with velocity, one can compute the 
displacement due to the a\erage velocity over a short interval of time. 
When these displacements are plotted in a progressive vector diagram, 
the resulting curve will shovi the trajectory of a particle if the velocity 
field is of such unifoi mity that the observed velocity can be considered 
representative of the velocities in the neighborhood of the place of 
observation. The vector that can be drawn from the beginning of the 
first vector to the end of the last shows the total displacement in the 
entire time interval, and this displacement, divided by the time interval, 
is the average velocity for the period. 



*^ig. 97 Time variation of a vector 
represented by a central vector diagram 
(left) and a progressive vector diagram 
(right). 
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TIm FMd of AA^Ign and tha EqiraHon of ConHnuity 

The Fieu> of Motion. Among vector fields the field of motion is 
of special importance. Several of the characteristics oi the field of 
motion can be dealt with without considering the forces which have 
brought about or which maintain the motion, and these characteristics 
form the subject of kinematics. 

The velocity of a particle relative to a given coordinate system is 
defined as v >= dr/dt, where dr is an element of length in the direction 
in which the particle moves. In a rectangular coordinate system the 
velocity has the components 


V, 


dx 

dt’ 



V, 


& 

dt‘ 


The velocity field can be completely described by the Lagrange or 
by the Evder method. In the Lagrange method the coordinates of all 
moving particles are represented as functions of time and of a threefold 
multitude of parameters that together characterize all the moving 
particles. From this representation the velocity of each particle, and, 
thus, the velocity field, can be derived at any time. 

The more convenient method by Euler will be employed in the follow- 
ing. This method assumes that the velocity of all particles of the fluid 
has been defined. On this assumption the velocity field is completely 
described if the components of the velocity can be represented as functions 
of the coordinates and of time: 

= Mx,y,s,t), 

V, = f.(x,y,z,i). 

The characteristic difference between the two methods is that 
Lagrange’s method focuses attention on the paths taken by all individual 
particles, whereas Euler’s method focuses attention on the velocity at 
each point in the coordinate space. In Euler’s method it is necessary, 
however, to consider the motion of the individual particles in order to 
find the acceleration. After a time dt, a particle that, at the time t, 
was at the point {x,y,z) and had the velocity components /,(a;,y,z,0, and 
so on, will be at the point {x + dx, y + dy, s + dz), and will have the 
velocity components /*(* ■+■ dx, y-\- dy, z -f da, < dt), and so on. 
Expanding in Taylor's series, one obtains 

/.(at + dxi, y -i- dyi, z -f dzi, t + * 1 ) 

* / .(x,y,z,t) + + ^* ^ 

The change in velocity in the time dt — that is, the acceleration of the 
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individual particles under consideration — ^will therefore have the c«wi-> 
ponents 


dt 

dt)y 

dt 

dot 

dt 


dVf , dvg . dtfM 1 dVa 


J- *V. . S'.. 




dVg , dVg 

dt d*' 


, dtf, , dV( 


(XII, IT) 


Thus, one has to deal with two time derivatives: the individwil time 
derivative, which represents the acceleration of the individual particles, 
and the Utcal time derivative, which represents the time change of the 
velocity at a point in space and is caUed the loeod acceleration. The last 
terms in equation (XII, 17) are often combined and called the field 
oecderation. 

The above development is applicable not only when considering 
the velocity field, but also when considering any field of a property that 
varies in space and time (p. 157). The velocity field is stationary when 
the local time changes are zero: 


dVx _ dOy _ dv, _ - 

dt ~ dt ~ at ~ ^ 


(XII, 18) 


It should be observed that, when the individual acceleration vanishes — 
that is, when 


dvm _ ^ _ dot 
dt dt dt 


0 , 


(XII, 19) 


the velocity field is stationary only if the field acceleration also disappears. 

This Equation or Continuitt. Consider a cube of volume dxdydz. 
The mass of water that in unit time flows in parallel to the x axis is 
equal to ovyiydz, and the mass that flows out is equal to 

pVtdydz + dxdydz 


supposing that both p and v, vary in the direction of the x axis. The 
net outflow per unit time and per unit volume in the direction of the 
X axis is, therefore, dipo^/dx. Similarly, the corresponding net outflow 
along the y and z axes is d{pOy)/dy and d(pv,)/dz, respectively. The 
net outflow from a cube of unit volume is the sum of these terms, but 
this outflow per unit time must also equal the decrease of the density 
per unit time, —9p/dt. The condition 

^ I . ^(pPj) 

at dx ~ dy ~ dz 


(XII, 20) 
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must therefore always be fulfilled in order to maintain the continuity of 
the system. This fundamentally important equation is called the equa- 
tion of coniinuity. It tells that the local lose of mass, represented by 
—dpfdt, equals the divergence of the specific momentum (p. 420). 

Now; 


9{po,) , d(p»v) d{pv.) _ dp _ , „ , dp , /dv, , dv^ , dv,\ 


By means of equation (XII, 17), therefore, 

1 dp ^ I da ^ dV; 
p di a dt dx 


. '-•^z t ^Vy I 

I* "^7. •" 


dVt 

Iz' 


(XII, 21) 


The term on the left-hand side represents the rate of expansion of the 
moving element. In this form the equation of continuity states that 
the rate of expansion of the moving clement equals the divergence of the 
velocity. 

The equation of continuity is not valid in the above form at a bound- 
ary surface because no out- or inflow can take place there. In a direction 
normal to a boundary a particle in that surface must move at the same 
velocity as the surface itself. If the surface is rigid, no component 
normal to the surface exists and the velocity must be directed parallel 
to the surface. The condition 


Vn 



(XII, 22) 


where n is directed normal to the boundary surface and -dnldt is the 
velocity of the boundary surface in this direction, repre.sents the kinematic 
boundary condition, which at the boundary takes the place of the equation 
of continuity. 

Application op the Equation op Continuity. .At the sea surface 
the kinematic boundary condition must be fulfilled. Designating the 
vertical displacement of the sea .surface relative to a certain level of 
equilibrium by »j, and taking this distance positive downward, because 
the positive 2 axis Is directed downward, one obtains 


that is, the vertical velocity at the sea surface is equal to the time change 
of the elevation of the sea surface. If the sea surfsice remains stationary, 
one has v,fi « 0. If the bottom is level, one has, similarly, v,,h = 0, 
where h is the depth to the bottom. 

With stationary distribution of mass {dp/dt = 0) the equation of 
coniinuity is reduced to 

I d(p»>,) , g(pp») ^ 

dx ^ dy dz 


0. 


(XII, 23) 
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The total transport of mass through a vertical surface of unit width 
reaching from the surface to the bottom has the components 

^pv^dz, My ~ (pVy)dZ. 

Multiplying equation (XII, 23) by dz and integrating from the surface 
to the bottom, one obtains 


dMy 

dx 


, dMy 


(pv*)o = 0. 


Here, v,.* = 0, and at stationary sea level «/^.o ~ 0. Thus, the equation 
is reduced to 

div ilf = 0, (XII, 24) 

or, when the sea level remains stationary^ the transport between the surface 
and the bottom is free of divergence. 

When dealing with conditions near the surface, one can consider the 
density as constant and can introduce average values of the velocity 
components i”, and Vy within a top layer of thickness H. With these 
simplifications, one obtains, putting t;,.o = 0, 


If H is small enough, the average velocity will not differ much from the 
surface velocity. Since a negative vertical velocity represents an 
ascending motion, and a positive vertical velocity represents a descending 
motion, equation (XII, 25) states that at a small distance below the 
surface ascending motion is encountered if the surface currents are 
diverging, and descending if the surface currents are converging. This 
is an obvious conclusion, because, with diverging surface currents, 
water is carried away from the area of divergence and must be replaced 
by water that rises from some depth below the surface, and vice versa. 
Thus, conclusions as to vertical motion can be based on charts showing 
the surface currents. 

For this purpose, it is of advantage to write the divergence of a two- 
dimensional vector field in a different form: 


dv , V dAn 


(XII, 26) 


where dl is an element of length in the direction of flow and where An 
represents the distance between neighboi ing stream lines. If the velocity 
is constant along the stream lines {dv/dl = 0), the flow is divergent when 
the distance between the stream lines increases {dAn/dl > 0), and 
convergent when the distance decreases {dAn/cU < 0). When, on the 
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other hand, the distance between the stream lines remains constant. 
(dAn/dl » 0), the divergence depends only upon tiie change of velocity 
along the stream lines. Increasing vdocity {dv/9l > 0) means divergence 
accompanied by ascending motion below the surface if this surface 
remains stationary, and decreasing velocity (dti/dl < 0) means con- 
vergence associated with descending motion below the surface. 

The equation of continuity is applicable not only to the field of mass 
but also to the field of a dissolved substance that is not influenced by 
biological activity. Let the mass of the substance per unit mass of 
water be s. Multiplying the equation of continuity by.s and integrating 
from the surface to bottom, one obtains, if the vertical velocity at the 
surface is zero, 


dN 

dt 


4- div P = 0, 


where 


N^f^\pdz, 


P. = SpVx^Z, 


Py 



Under stationary conditions the local time change is zero, and one has 
div P = 0, div Af = 0. 

These equations have already been used in simplified form in ordef 
to compute the relation between inflow and outflow of basins (p. 147). 
Other simplifications have been introduced by Knudsen, Witting, and 
. Gehrke (Krttmmel, 1911, p. 509- 

“ ’ 5l!2). 

Stream Lines and Trajec- 
tories. The vector lines show- 
ing the direction of currents at 
a given time are called the stream 
lines, or the lines of flow. The 
paths followed by the moving 
water particles, on the other hand, 
are called the trajectories of the 



Fig. 98. Trajectories (dashed lines) 
and stream lines (full drawn lines) in a pro- 
gressive surface wave. 


particles. Stream lines and trajectories are identical only when the 
motion is stationary, in which case the stream lines of the velocity field 
remain unaltered in time, and a particle remains on the same stream 
line. 

The general difference between stream lines and trajectories can 
be illustrated by considering the type of motion in a traveling surface 
wave. The solid lines with arrows in fig. 98 show the stream lines in a 
cross jsection of a surface wave that is supposed to move from left to right, 
passing the point A. When the crest of the wave passes A, the motion 
oS. the water particles at A is in the direction of progress, but with decreas- 
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ing vdocities downward. At the troughs of the wave, at b and e, the 
motion is in the opposite direction. Between A and b there is, therdore, 
a divergence with descending motion, and between A and e there is a 
convergence with ascending motion. The surface will therefore sink 
at e and rise at d, meaning that the wave will travel from left to right. 
When the point c reaches A, there wiU be no horizontal motion of the 
water, but as b passes A the motion will be reversed. Thus, the pattern 
of stream lines moves from left to right with the velocity at which the 
wave proceeds. 

It is supposed that the speed at which the wave travels is much 
greater than the velocity of the single water particles that take part in 
the wave motion. On this assumption a water particle that originally 
was located below A will never be much removed from this vertical and 
will return after one wave period to its original position. The trajectories 
of such particles in this case are circles, the diameters of which decrease 
with increasing distance from the surface, as shown in the figure. It is 
evident that the trajectories bear no similarity to the stream lines. 

Representations of the Field of Motion in the Sea 

Trajectories of the surface water masses of the ocean can be deter- 
mined by following the drift of floating bodies that are carried by the 
currents. It is necessary, however, to exercise considerable care when 
interpreting the available information about drift of bodies, because 
often the wind has carried the body through the water. Furthermore, in 
most cases, only the end points of the trajectory are known — that is, the 
localities where the drift commenced and ended. Results of drift-bottle 
experiments present an example of incomplete information as to trajec- 
tories. As a rule, drift bottles are recovered on beaches, and a recon- 
struction of the paths taken by the bottles from the places at which they 
were released may be very hypothetical. The reconstruction may be' 
aided by additional information in the form of knowledge of distribution 
of surface temperatures and salinities that are related to the currents, 
or by information obtained from drift bottles that have been picked up 
at sea. Systematic drift-bottle experiments have been conducted, 
especially in coastal areas that are of importance to fisheries. 

Stream lines of the actual surface or subsurface currents must be 
based upon a very large number of direct current measurements. Where 
the velocity is not stationary, simultaneous observations are required. 
Direct measurements of subsurface currents must be made from anchored 
vessels, but- this procedure is so difficult that no simultaneous measure- 
ments that can be used for preparing charts of observed subsurface 
currents for any area are available. 

Numerous observations of surface currents, on the other hand, have 
been derived from ships’ logs. Assume that the position of the vessel at 
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noon of any day has been fixed by astronomical observations (point A 
in fig. 99). From point A the course is set for point B, which, at the 

, average speed of the vessel, should be 
^ ^ reached in twenty-four hours. The fol- 
lowing day, astronomic observations 
/ / show, however, that the vessel has not 

/ / reached point 5, which would be the po- 

/ / sition by dead reckoning, but is at the po- 

/ / sition B\ It is thep assumed that the 

/ / displacement J55' is^^ due to a current 

// which on an average has the direction B 

A/ to B* and the velocity BB' I2\ knots if 

^ the distance BB^ is given in nautical 

^ miles. Current velocities observed in 

/ this manner are given either in knots or 

A in nautical miles per day. Direction and 

Fig. 99. Determination of velocity are uncertain if the displacement 

surface currents by difference be- is small, because an astronomical fix is 

usually not accurate within 1 or 2 nauti- 
cal miles, and the accuracy of a position 
by dead reckoning is as a rule less. Little weight can be given to dis- 
placements of 6 miles or less in twenty-four hours. 

The data on surface currents obtained from ships’ logs cannot be 
used for construction of a synoptic chart of the currents, because the 
number of simultaneous observations Is far too small. Data for months, 
quarter years, or seasons have been compiled, however, from many 
years’ observations, although even these are unsatisfactory for presenta- 
tion of the average conditions because such data are not evenly dis- 
tributed over large areas but are concentrated along trade routes. In 
some charts the average direction in different localities is indicated by 
arrows, and w'here strong currents prevail the average speed in nautical 
miles per day is shown by a number. In other charts the surface flow 
is represented by direction roses in which the number at the center of the 
rose represents the percentage of no current, the lengths of the different 
arrows represent the percentage of currents in the direction of the arrows, 
and the figures at the ends of the arrows represent the average velocity 
in miles per day of currents in the indicated direction. These charts 
contain either averages for the year or for groups of months. 

On the basis of such charts, average surface currents during seasons 
or months have in some areas been represented by means of stream 
lines and equiscalar curves of velocity. The principle advantage of this 
representation is that it permits a rapid survey of the major features and 
that it brings out the singularities of the stream lines, although in many 
instances the interpretation of the data is uncertain and the details of 
the chart will depend greatly upon personal Judgment. 



429 


STATICS AND (CINEMATICS 

In dravring these stream lines it is necessary to follow the rules 
concenwg vector lines (p. 419). The stream lines cannot intersect, 
but an infinite number of stream lines can meet in a point of convergence 
or divergence or can approach asymptotically a Une of convergence or 
diverge asymptotically from a line of divergence. 



Fig. 100. Stream lines of the surface currents off southeastern Vfrica in July 

(after Willimaik). 


As an example, stream lines of the surface flow in July off southeast 
Africa and to the south and southeast of Madagascar are shown in fig. 100. 
The figure is based on a chart by Willimsik (1929), but a number of the 
stream lines in the uiiginal chart have been omitted for the sake of 
simplification. In the chart a number of the characteristic singularities 
of a vector field are shown. Three hyperbolic points marked A appear, 
four points of convergence marked B are seen, and a number of lines of 
convergence marked C and lines of divergence marked J) are present. 
The stream lines do not everywhere run parallel to the coast, and the 
representation involves the assumption of vertical motion at the coast, 
where the horizontal velocity, however, must vanish. 
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Tbe most ccmspicuous feature is the continuous line erf convergence 
that to the southwest of Madagascar curves south and then runs west, 
following lat. 35“S. At this line of convergence, the Subtropical Con- 
vergence, which can be traced across the entire Indian Ocean and has its 
coimterpart in other oceans, descending motion must take place. Simi- 
larly, descending motion must be present at the other lines of conver- 
gence, at the points of convergence, and at the east coast of Madagascar, 
whereas ascending motion must be present along the lines of divergence 
and along the west coast of Madagascar, where the surface waters 
flow away from the coast. Velocity curves have been {knitted, for which 
reason the conclusions as to vertical motion remain incomplete (see 
p. 425). Near the coasts, eddies or countercurrents are indicated, and 
these phenomena often represent characteristic features of the flow and 
remain unaltered during long periods. 

As has already been stated, representations of surface flow by means 
of stream lines have been prepared in a few cases only. As a rule, the 
surface currents are shown by means of arrows. In some instances the 
representation is based on ships’ observation of currents, but in other 
cases the surface flow has been derived from observed distribution of 
temperature and salinity, perhaps taking results of drift-bottle experi- 
ments into account. The velocity of the currents may not be indicate<^ 
or may be shown by added numerals, or by the thickness of the arrows. 
No uniform system has been adopted (see Defant, 1929), because the 
available data are of such different kinds that in each individual case 
a form of representation must be selected which presents the available 
information in the most satisfactory manner. Other examples of surface 
flow will be given in the section dealing with the currents in .specific areas. 
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CHAPTER XIII 


Dynamics of Ocean Currents 


Our knowledge of the currents of the ocean would be very scanty 
if it were based entirely on direct observations, but, fortunately, con- 
clusions as to currents can be drawn from the distribution of readily 
observed properties such as temperature and salinity. When drawing 
such conclusions, one must take into account the acting forces and 
apply the laws of hydrodynamics and thermodynamics as derived from 
theoretical considerations or from generalizations of experimental 
results. 

For the sake of simplification, one may distinguish between four 
different methods of approach; (1) computations of currents from the 
distribution of density as obtained from observations of temperature 
and salinity, (2) conclusions as to currents caused by wind, (3) con- 
siderations of currents that result from differences in heating or cooling, 
precipitation or evaporation, (4) qualitative inferences as to currents 
which would account for special features of the observed distribution of 
such properties as temperature, salinity, and oxygen. Of these four 
methods of approach the first two are dynamical The third involves 
considerations of a thermodynamical nature, and the fourth method is 
partly kinematic, but neither of these approaches is possible unless the 
dynamics of the bvstem is understood 

The Hydrodynamic Equations 

The Hydkodynamic Equations of Motion in a Fixed and in a 
Rotating Coordinate Sy.stem One of the fundamental laws of 
mechanics states that the acceleration of a body equals the sum of the 
forces per unit mass acting on the body This law is applicable not only 
to individual bodies but also to every part of a fluid. The hydrodynanuc 
equations of motion express only this simple pnnciple, but, when dealing 
with a fluid, not only the equations of motion must be satisfied, but also 
the equation of continuity and the proper dynamic and kinematic 
boundary conditions. 

The hydrod}rnamic equations of motion as developed by Euler take 
into account two forces only: an external force acting on a unit mass, and 
the total pressure gradients per unit mass. If the components of the 

481 
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6Xtenuil force per uitit mass are designated by X, Y , and Z, the equations 
of motion are 


dt 



dVy 

Ti 



dVg 

dt 


Z-a^. (XIII,]) 


In this form or in the form obtained by substituting equation (XII, 17) 
for dio/dt, the equations represent the basis of classical hydrodynamics and 
have been used extensively for the study of many types of fluid motion. 
The only external force that needs to be considered in these cases is the 
acceleration of gravity. If the coordinate system is placed with the 
xy plane coinciding with a level surface, the equation takes an especially 
simple form, because the horizontal components of the external force 
vanish and the vertical is equal to g: 


dvx _ _ dp ^ _ dp 
dt ~ ** dx’ dt ^ By’ 


dv, dp 

di ~ ^ ~ 


In many problems, friction must be considered, and to each equation a 
term must be added to represent the components of the frictional force. 

The coordinate system used in these eases is rigidly connected with 
the eM‘th and therefore takes part in the earth rotation. When, 
for example, the flow through a pipe is analyzed, the x axis is placed in 
the direction of the pipe. This procedure is justified on the cmpiriPal 
basis that the observed motion can be correctly described in this manner. 
This fact, and only this fact, made possible the development of the 
GaUleo-Newion mechanic. Phenomena exist, however, which cannot be 
adequately described by means of the simple equations of motion if 
accurate observations are made, as, for instance, the free fall of a body or 
the exact oscillation of a pendulum. In these cases the discn'pancies 
between theory and observations are not very great, but for the large- 
scale motions of the atmosphere and the sea the discrepancies becon^e 
so great that the simple equations fail completely. 

The question arises as to whether it is possible to find another coordi- 
nate system in which the equations of motion in their simple form will 
describe the observed phenomena in an empirically correct manner 
Experience has shown that this appears always to be possible. In the 
case that is of special interest here, it is found that the large-scale motion 
of the ocean waters can be dealt with if it is referred to a coordinate 
system, the center of which is placed at the cente;* of the earth and the 
axes of w'hich point tow'ard fixed })ositions between the stars. Relative 
to this coordinate system the earth rotates once around its axis in twenty- 
four sidereal liours, and any coordinate system that is rigidly connected 
with the earth takes part in this rotation. The motion of a body on the 
earth relative to this “fixed'' coordinate system is, as a rule, called the 
“absolute motion," but incorrectly so because this “fixed" coordinate 
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system is moving throng space at an unknown speed. No means are 
available for determining “absolute motion,” but this is of no concern, 
because the observed large-scale motion of the atmosphere and the sea 
can be adequately described by means of the simple equations if the 
above-defined “fixed” coordinate system is used. 

It is impractical, however, to describe the currents of the sea in 
terms of “absolute” motion, for the interest centers around the velocities 
relative to the earth, and the problem is therefore to transform the simple 
equations of motion in such a manner that the new equations give the 
motion relative to a coordinate system that rotates with the earth. 
The transformation would require the development of equations which 
would otherwise not find use. The interested reader is therefore 
referred to the complete presentation by V. Bjerknes and collaborators 
(1933), from which part of the above explanation is taken. The trans- 
formation leads to the result that, if the equations of motion shall be 
valid in a coordinate system that rotates with the earth, it is necessary 
to add on the right-hand side of the equations the accelerations: 

/, = 2a) sin tp Vy, /, = —2a) sin <p »„ /. = 2a) cos <p vg, 

where a is the angular velocity of the earth, 2ir/86,164 = 0.729 X 10~‘ 
sec~‘ (86,164 being the length of the sidereal day in seconds,) <p is the 
latitude, and o* is the component toward the east of the velocity. The 
force per unit mass that must be introduced in order to obtain the correct 
equation is called the drflecUng force of the earth’s rotation, or Conobs 
force, after the French physicist who first made the transformation from 
a fixed to a rotating system. The characteristics of this force will be 
explained in the following. 

When applying the equations of motion to oceanographic problems, 
a left-handed coordinate system is used with the positive z axis directed 
downward. Taking this into account, adding the deflecting force of the 
earth’s rotation, and including an as yet undetermined friction force 
with components per unit volume Rx, Ri, and R,, one obtains the equa- 
tions of motion in the form 

- 2a) sin 

I* = -2a. sin »» r. - « (Xni. 2) 

~ = —2a) COS <p Vg + g — + otR.. 

dt 

The Deplbctinq Force of the Earth’s Rotation. Many attempts 
have been made to show directly, without undertaking the complete 
transformation of the equation of motion, that the rotation of the coordi- 
nate system must be taken into account in the above manner. These 
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Attempts aw not entirely successful, since they give an incomplete 
undemtanding of what actually is being done, but one derivation will 
be presented because it serves to emphasize the importance of the 
coor^nates to which motion is referred. 



Fig. 101. Motion of a body on a rotating, dink. (A) Profile of the disk. (B) 
Different orbits of moving bodies. < 


Consider a disk that in an “absolute” system rotates at an angular 
velocity u. Assume that a uniform gravitational force acts in the 
direction of the axis of rotation and that the disk has such a shape that 
the surface is normal to the resultant of the acceleration of gravity and the 
centrifugal force (fig. 101). Assume, furthermore, that the surface 
of the disk is absolutely smooth and offers no frictional resistance to any 
moving body. On these assumptions a body that rotates with the disk 
will complete one revolution in the time T — 2k fu. A body that does 
not move in respect to an outside observer will, on the other hand, when 
placed on the disk, oscillate back and forth between two extreme dis- 
tances from the center, R. The rotation of the disk does not affect this 
motion, since it has been assumed that the surface of the disk is friction- 
less. The period of the oscillation is easily found because in the first 
approximation the oscillation can be considered a pendulum motion 
(fig. 101). The period of oscillation of a pendulum is 


r = 
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but fioiQ tb6 figure it is seeu thftt 

k ~ 9 L \ 

Therefore, T' =» 2r/« *= T, where T is the time in which the disk com- 
pletes one revolution. 

If the observer gives the body a velocity equal to the velocity of the 
disk at the point at which he places it, the body will travel around with 
the disk and complete one revolution in the time T = 2r/u. If the body 
is given a velocity greater or less than the velocity of the disk (fig. 101b 
or c), it will describe an ellipse in the same time T. 



Fig. 102. Motion of a body on a rotating disk as seen by an observer who looks 
down on the disk (left) or by an observer on the disk {rigfU). 


So far, the motion has been described relative to a fixed coordinate 
system. Now consider what an observer on the disk sees. This observer 
will refer the motion of the body to a coordinate system which, like 
himself, rotates with the disk and will, for instance, let the positive 
X axis point toward the center of the disk (fig. 102). Let the direction 
of the positive x axis be called north. Assume that the body at the time 
t =■ 0 was to the north of the observer and traveling faster than the disk. 
At the time t = T/8 the body will be to the east of the observer, at the 
time t = T/4 it will be to the south of the observer, at the time t — ZT/S 
it will be to the west, and at the time i » T/2it will again be to the north. 
To the observer it will therefore appear that the body travels in circles 
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around him and completes <me revolution in the time 7’/2. To the 
right in the figure the observer is shown at the center of the circle, but 
this is an unnecessary restriction, for the body will appear to move in a 
circle regardless of where the observer stands. 

The apparent angular velocity of the body will be 2a), and the linear 
velocity will be 2a»r, where r is the radius of the circle. In order to 
account for this motion the observer will say that a deflecting force 
directed toward the center of the circle exists which exactly balances 
the centrifugal force of the circular motion. The deflecting force must 
be equal to 



and must in this case be directed at right angles and to the right of the 

velocity. It has to be considered 
in all cases, regardless of whether 
or not other forces are acting. 

The deflecting force performs no 
work, because it is always directed 
at right angles to the velocity. 
This conclusion is obvious, since 
the deflecting force is not a physi- 
cal force but enters in the equations 
of motion only because the simple 
equations (XIII, 1) containing the 
physical forces have been trans- 
formed from the fixed "coordinate 
system in which they are valid to 
a rotating coordinate system. It 
is a force, however, which, when 
dealing with relative motion, is just 
as necessary as any other force for 
a correct description of the motion, 
and which to an observer in the rotating system has the same “reality ’’ 
as other forces. 

The above reasoning is directly applicable to conditions very near 
the poles of the earth, because a level surface on the earth is normal to 
the resultant of the force of gravitational attraction and the centrifugal 
force due to the earth’s rotation. 

In order to find what happens at a locality M at an angular distance 
of <p from the Equator (fig. 103), the rotation around the axis N-8 can 
be considered as resulting from two rotations around the axes A-B and 
C-D.. The angular velocities of rotation around these axes are a san 
and a cos <p, respectively, if o) is the angular velocity of rotation around 
N-S. The rotation around C-D produces the vertical deflecting force 



Fi^. 103. Rotation of the earth 
around the axis N-S decomposed in rota- 
tions around the axes A-B and C-D. 
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characterized by the acceleration,/. « 2(ii> cos Pe, and the rotation around 
A~B leads to a horizontal deflecting force characterized by the acceleratirai 
/k « 2» sin ^ 0 . 

If no other forces are acting, the deflecting force must be balanced 
by a centrifugal force which, if the radius of the orbit is called r, is equal 
to e*/r. Therefore 


r 


2(d sin <p V, 


r = 


2<i> sin tp 


The radius of the orbit remains practically constant if the motion 
is such that variations in latitude are small, meaning that the particle 
will move in a circle of radius r. This circle is called the circle of inertia, 
because this circle, which appears in the relative motion, corresponds 
approximately to the straight-line inertia movement that characterizes 
"absolute” motion. In lat. 40“ the radius of the circle of inertia is 
106 ra, 1060 m, and 10.6 km, respectively, if the velocity of the particle is 
1 cm/sec, 10 cm/sec, or 100 cm /sec. The angular velocity of the body 
is 2<i» sin <p, and the time required for one completion of the circle of inertia 
is therefore T' = 2^l2u sin tp. This time is called one half ‘pendulum 
day, because it equals half the time required for a complete turning of the 
plane in which a pendulum swings (Foucault’s experiment). 

The motion in the circle of inertia in the Northern Hemisphere is 
clockwise, but in the Southern Hemisphere it is counterclockwise. In 
view of the fact that to an observer who faces the Equator the sun appears 
in the Northern Hemisphere to travel clockwise across the sky, and in the 
Southern Hemisphere counterclockwise, Ekman has introduced the term 
cum sole for describing the direction of motion in the inertia circle in both 
hemispheres. Similarly, the term contra solem describes rotation in the 
opposite direction. 

It was stated that, when dealing with relative motion, the deflecting 
force is just as " real ” as any other force. It can neverthele‘'S be neglected 
when dealing with most problems of mechanics because, as a rule, it 
is very small compared to other forces. For instance, consider an auto- 
mobile weighing 1500 kg which travels on a flat road in 40“X at constant 
speed of 75 km/hour (47 miles/hour) when the motor develops 15 kw 
(20.4 hp). The force per unit mass acting in the direction in which the 
car travels is then equal to 41.3 dynes/g. the motion is steady, 
this force must be balanced by the resultant of the friction against the 
road and the deflecting force, but the deflecting force per unit mass, 
/ = 2 ( 1 ) sin ^ v = 0.02 dyne/g, is less than Hooo of the other forces and 
can be neglected. The physical forces that maintain the motion of the 
atmosphere and the ocean, on the other hand, are of the same order of 
magnitude as the deflecting force, which therefore becomes of equal 
importance. 
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The effeet of the rotation of the earth has been given so much con>' 
sideratibn because in most proUems the effect of the rotation enters 
and because the nature of the deflecting force should be thoroughly 
understood. 

Motion in tbs Circle or Inertia. If the deflecting force of the 
earth’s rotation is the only acting force, the equations of motion are 
reduced to 

= 2« sin ^ - -2« sin ^ v. (XIII, 3) 


which, as already stated, describe motion in the inertiaWcle. Motion of 

this type has been observed 



in the sea. The most strik- 
ing example is found in a re- 
port by Gustafson and 
Kullenberg (1936), in which 
are described the results of 
162 hours’ continuous record 
of currents in the Baltic. 
The measurements were 
undertaken between the coast 
of Sweden and the island of 
Gotland in a locality where 
the depth to the bottom was 
a little over 100 m. On 
August 17, 1933, when the 
measurements began, a well- 
defined stratification of the 
water was found. From the 
surface to a depth of about 24 
m the water had a nearly con- 
stant density, but between 24 
and 30 m the density in- 
creased rapidly with depth. 
Below 30 m a slow increase 
continued toward the bottom. 


Fig. 104. Rotating currents of period one- 
half pendulum day observed in the Baltic and 
represented by a progressive vector diagram for 
the period, Aug. 17 to Aug. 24, 1033, and by a 
central vector diagram between 6^ and 20^ on 
Aug. 21 (according to Gustafson and Kullen- 
berg). 


The current meter, a Petters- 
Bon photographic recording 
meter, was suspended at a 
depth of 14 m below the sur- 
face and thus would record 
the motion of the upper, 


' homogeneous water. 

Gustafson and Kullenberg have represented the results of the records 


in the form of a “progressive vector diagram ’’ (fig. 104), which is prepared 
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by successive graphical addition of the hourly displacements as computed 
from the average hourly velocities (p. 421), Every twelfth hour is 
marked on the curve by a short line. The curve represents tiie path 
taken by a water mass if it is assumed that the observed motion is char- 
acteristic of a considerably extended water mass. 

The curve shows a general motion toward the northwest and later 
toward the north, and superimposed upon this is a turning motion to 
the right, the amplitude of which first increases and later decreases. 
This rotation to the right (cum sole) is brought out by means of the 
inset central vector diagram in which the observed currents between 
6 and 20 , August 21, arc represented. The end points of the vectors 
fall nearly on a circle, as should be expected if the rotation is a phe- 
nomenon of inertia, but the center of the circle is displaced to the north- 
northwest, owing to the character of the mean motion. 

The period of one rotation was fourteen hours, which corresponds 
closely to one half pendulum day, the length of which in the latitude of 
observation is 14 08“, and on an average the periodic motion was very 
nearly in a circle. It is possible that this superimposed motion can be 
ascribed to the effect of wind squalls and that the gradual reduction of the 
radius of the circle of inertia is due either to frictional influence or to a 
spreading of the ori^nal disturbance, but a theoretical examination by 
Defant suggests that inertia oscillations of this nature are associated 
with internal waves (p. 596). This was the case at the AUair station 
in lat. 44°33'N to the north of the Azores, where a rotating current of 
period IT** was present (Defant, 1940) corresponding very closely to a 
period of one half pendulum day and varying with depth in the manner 
found in internal waves. Ekman (1939) believes that the twenty-four- 
hour oscillations observed by hims«^lf and Heliand-Hansen (1931) in 
about latitude SO^N are related to inertia movement. 

The measurements that have been mentioned and other observations 
of currents made in deep water from anchored vessels (Defant, 1932, 
Lek, 1938) also show oscillating currents of tidal periods, some of which 
appear to be ordinary tidal currents, whereas others are associated with 
internal waves of tidal periods. In most instances, only tidal periods 
dominate and, according to Seiwell (1942), a period of one half pendulum 
day is not found in numerous oscillations which he has examined. It 
should perhaps be concluded that, although inertia movements may be 
found in the sea, it is still doubtful whether such a type of motion is very 
common. Arguments can be advanced against the general occurrence 
of movements in the inertia circle (Ekman, 1939). 

T win EquationeT of MOTION Apfued to the Ocean. When applying 
the equations of motion to the ocean, certain simplifications can be made. 
The vertical acceleration and the frictional term can always be 
neglected. Similarly, the term depending upon the vertical component 
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of l^e deflecting force can be neglected. The tlnrd equation of motion 
is therefore reduced to the hydrostatic equation (p. 405), and the equa> 
tions can be written in the following form, introducing the abbreviations 
2w sin ^ « 1/c, dvc/dl — i>x, and dvy/dt = iy, and measuring the pressure 
in decibars (p. 405) : 


i>x = ^Vy — 10a + aJ?„ 

Vy — 

0 = 17 - 10 «^- 


(XIII, 4) 


These equations are valid in the Northern Hemisphere. If applied to 
conditions in the Southern Hemisphere, the signs of the terms represent- 
ing Corioli’s force must be reversed. 

At perfect hydrostatic equilibrium the isobaric surfaces coincide 
with level surfaces, but tliis is no longer the case if motion exists. At any 
given time an isobaric surface is defined by (p. 155) 


^ dx + ^ dy -h ^ dz = 0. 
dx dy dz 


(XIII, 5) 


From equations (XIII, 4) and (XIII, 5) one obtains the equation for 
isobaric surfaces in a moving system: 

(c ~ dac -b ^ ^ t>x pv^ dy pgdz = 0. (XIII, 6) 

From equations (XIII, 4) and (XIII, 5) it also follows that the 
components of the horizontal pressure gradient are identical with the 
components of gravity acting along the isobaric surfaces: 


(S), ~ “ 


dp 

to dp 

— 

“ dz 


(dz\ 


in, -io„?s. 


(XIII, 7) 


The inclination is positive in the direction in which the surface slopes 
downward. 

Introducing the geopotential slope defined by t/),* = dD/dx, it>,y 
= dD/dy, and measuring the geopotential in dynamic meters, dD 
— gdzJlQ (p. 403), one obtains 






(XIII, 8) 
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Thus, the geopotential slope in dynamic meters per meter equals 
the product of the specific volume and the pressure’ gradient in decibars 
per meter. These rdations will find extennve use. 

A dynamic boundary condition must be added to the kinematic 
boundary condition (p. 424) — ^namely, that at any boundary surface 
the pressure must be the same on both sides of the surface. This condi- 
tion also applies to internal boundaries, separating water of different 
density, in which case the condition states only that the pressure must 
vary continuously. The densities and velocities may, however, vary 
abruptly when passing from one side of the boundary surface to the 
other. Calling the densities on both sides p and p', and the velocities v 
and and omitting the frictional terms and the accelerations, one 
obtains the dynamic boundary condition in the form 

'^■^dx-^dy-\-gpdz== dr - dy + gp' dz, (XIII, 9) 
c c c c 

because along the boundary surface p = p', where p represents the 
pressure exerted against the boundary surface from one side and p' 
the pressure exerted from the other side. Equation (XIII, 9) must be 
fulfilled everywhere along the boundary surface and defines therefore 
the shape of that surface in the same manner that (Xlll, 6) defines the 
isobaric surfaces. 

The dynamic enetgy egucUton is obtained by considering that the work 
done by a force is equal to the product of the force and the distance 
traveled in the direction of the force. Multiplying the equations of 
horizontal motion by Vx and Vg, respectively, and adding, one obtains 

because ^ e! + 1 aj) = 

and because the terms containing the deflecting force cancel. On the 
left side of the equation stands the increase of kinetic energy per unit 
volume. On the right side stands the sum of the activity (power) per 
unit volume of the forces due to pressure distribution and friction. 

The equation is of small interest because it tells only that the increase 
of kinetic energy per unit volume equals the, ^^ork performed per unit 
volume by the acting forces, but combined with the thermodynamic energy 
equation it becomes of importance. The complete derivation is given by 
V. Bjerknes and collaborators (1933), and here only the result for a 
system which is enclosed by solid boundaries is stated: 

^ (T + $ + ff) + /// (ff*c, -|- R^y) dxdydz. (XIII, 11) 
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Here, F' is the amount of heat added to the system, 7 is the total 
kinetie energy ci the system, is the potential, and £ is the internal 
energy. If the total energy of the system remains unaltered, the amount 
of heat added in \init time must equal the work per unit time of the 
frictional forces. If, on the other hand, no heat is added, the work of 
the frictional forces miist lead to a change of the total energy of the 
system. 


Currents Related to the Field of Pressure 

Rblatite Cubbbnts and Slops CtnutENTs. Th^ above considera- 
tions are all general and are valid regardless of the character of the 
pressure field. When discussing the latter (p. 413) it was pointed out 
that the total pressure field could always be considered as composed of 
two parts: the relaiive field of pressure due to the field of mass, and the 
slope field due to actual piled-up masses; pt = p — Ap, where pt is the 
total pressure and p is the relative pressure, and where the last term 
represents a correction due to piled-up masses. With the pressure in 
decibars, Ap = gpAh/lQ, where Ah represents the thickness of the 
removed or added mass in meters, and is positive when mass is removed, 
because the positive z axis is directed downward. 

The total pressure gradient, therefore, has the components 


or 


lOi]?.? = - 
dx 


dx 


log + DPI..., 


-lO-t-!. 

dy 

jog' - 

. dy 


.^.dp , dAh 
“ ^ + gpi,.t, 


(XIII, 12) 


where t,., and i,,„ represent components of the slope of the isobaric 
surfaces that are independent of the field of mass and of depth, because 
Ah is constant. Therefore, the force of the total pressure field is com- 
posed of two parts: a force that depends upon the distribution of mass 
and varies with depth, and a force that depends upon the slope of the 
free surface over and above the slope caused by mass distribution and is 
independent of depth. 

Introducing equation (XIII, 12) in the equation of motion, considering 
that p, has previously been written p, and omitting the frictional terms, 
one obtains 


= 1 p, - 10a|? -f- gi,,„ 

t), = _ 1 p, _ lOa ^ -h gi,,y. 
c ay 


(XIII, 13) 


U the absolute distribution of pressure were known and the actual 
velocities had been measured, these equations could be used for computing 
the accelerations, and, thxis, for determining the time changes of the 
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vdocity field. Such data are not available from the ocean, however. 
In order to be made useful, the equation must be even more simtdified 
by assuming that the accelerations are so small that in the first approxima- 
tion they can be neglected. Ekman (1939) has shown that this assump- 
tion is not only empirically correct but can be derived from. general 
theoretical principles. These assumptions imply that as a rule the 
velocity field is such that the pressure gradient is nearly balanced by the 
deflecting force of the earth's rotation. 

In the first approximation, therefore, writing p» = -|- v,., and 

Vy =* Vp,y + v,,y, one obtains 


or 


+ = -I0a^ + g{..y, 

~ (Vp.y H" ®«.») ~ lOtt fflt.zi 

Vp,z * “ lOcOf 

Vp.y = 10c<v~, v..y = -cgi.,z. 


(XIII, 14) 


(XIII, 16) 


These equations mean that the current can be considered as com- 
posed of two parts: one which is dependent on the relative field of pressure 
and will be called the relative current, and one which depends on the 
added slope of the free surface and will be called the slope current. 
Ekman has called the relative current the convection current, but this 
term, as pointed out by Ekman, is liable to cause confusion because, in 
meteorology, convection currents mean ascending and descending 
currents and not horizontal flow. 

Of these two types of currents, only the relative current can be derived 
from observations of density, because only the relative field of pressure 
can be determined from such observations. Any added slope of the 
isobaric surfaces due to actual piling up of mass in certain instances 
can be derived from precise leveling along coasts, but in general it cannot 
be observed. It is of great importance to bear these facts in mind in 
order to avoid erroneous conclusions. 

The character of the slope current is readily seen. Equations (XIII, 
16) state that the velocity is always directed at right angles cum sole 
relative to the slope. As the slope is independent of the depth, the 
same therefore applies to the velocity. Thus, if slope currents exist, 
they are uniform from top to bottom, in contrast to the relative cturents, 
which vary with depth. 

In tiie equations which, on the above assumptions, determine the 
relative current, the geometric or the geopotential slope of the relative 
isobaric surfaces can be introduced (p. 440): 
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1 

c 


V,.. 


1 

c 


gip.t = 10 


dy 


10 ^. 

dy 


-flip.* = -10 


dx 


-10 


gAi) 

dx 


(XIII, 16) 


In this or the preceding form the equations represent the basis for the 
computation of ocean currents, but, before turning to the practical 
application, some special cases will be discussed in order to illustrate the 
relationship between the relative currents and the distribution of mass. 

CuBBEKTS IN Stbatified Wateb. Some of the outstanding relation- 
ships between the distribution of mass and the velocity field arc brought 
out by considering two water masses of different density, p and p', where 
p is greater than p'. In the absence of currents, the boundary surface 
between the two water masses is a level surface, the water mass of 
lesser density, p', Isring above the denser water. On the other hand, if 
the water of density p' moves at a uniform velocity v' and the water 
of greater density moves at another uniform velocity v, the boundary 
must slope. For the sake of simplicity it will be assumed that both 
water masses move in the direction of the y axis and that the acceleration 
of gravity g can be considered constant. The dynamic boundary condi- 
tion (p. 441) then takes the form 

^dx + gp'dz = ^ dx + pp dz. (XIII, 17) 

c c 


From this equation, one obtains the slope of the boundary surface. 


_ ^ 
~ dx 


jL pv —_py^ 
gc p — p' ’ 


(XIII, 18) 


The slope of the isobanc surfaces is obtained from equation (XIII, 5), 
which, on the above assumptioas, gives 

t' =. _ i ^ _ 1. (XIII, 19) 

gc gc 


The slope of the isobaric surfaces is small compared to the slope of the 
boundary surface, but even the latter is very small under conditions 
encountered in the ocean. 

As an extreme case, consider two water masses, one of salinity 
34.00 Voo and temperature 20®, and one of salinity 35.00 ®/oo and tempera- 
ture 10°, and assume that the velocity of the former is 0.5 m/sec. Neg- 
lecting the effect of pressure on density, one obtains 


p' = 1.02402, p = 1.02697, w' — 0.5 m/sec, e = 0. 


In latitude 40°N, where 1/c — 2(tf sin ip » 0.937 X 10“*^ sec*' and 
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0 « 9.«0 m/aec», equation (Xlll, 17) gjvea 

ia — 1.66 X 16“*; 

that is, the boundary surface sinks 1.66 m when *, the horisontal distance, 
increases by 1 km (the positive z axis is directed downward). 

The slopes of the isobaric surfaces are much smaller. Inserting 
the numerical values in equation (XIII, 19), one obtains 

*' = -47 X ^0-^ t = 0, 

meaning that within the upper layer the isobaric surfaces rise 0.47 m 
on a horizontal distance of 100 km, and that in the lower layer they are 


s 



horizontal. The conditionb are rep<38euted schematically in the block 
diagram in fig. 105, in which the slope of the isobaric surfaces is greatly 
exaggerated relative to the slope of the boundary surface, which also is 
greatly exaggerated. Actually, the lighter water extend like a thin 
wedge over the heavier water 

As another example, consider the case in which the current in the 
upper layer is limited to a band L In this case, perfect static equilibrium 
must exist in the regions of no currents, and there the boundary between 
the two water masses must be horizontal, but in the region where the 
water of low density flows with a velocity s', ihe boundary surface must 
slope, the steepness of the slope being determined by equation (XIII, 18). 
These conditions are shown schematically by the block Vagram in fig. 106, 
in which it is supposed that the denser water reaches the surface on the 
left>hand side of the current. This figure brings out an important 
relationship between the current and the distribution of mass: The 
current flowe in such a direction that the water of low density is on the right- 
hand side of the current, and the water of high density is on the Uft-hand 
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tide. This rule applim to conditions in the Northern Hemiqthere, anoe 
in the Southern Hoonsphere the wator of low dentity will be to the left 
and the water of hi|^ density to the right. 

Other examides could be added (Defant, 1929b), but tiie two which 
have beai given here demonstrate suffidentiy tiie rdation between tiie 
currents and tiie distribution ci mass in stratified water. 

In the ocean a discontinuous transitiim from one type of water to 
another is never found, but in several regions a transition takes place 
in Bucb a short distance that for practical purposes the layer of transition 





Fig. 106. Isobark saifaees and currents within water which in 
part extends as a wedge over resting water of greater density. 


can be considered as a boundary surface. ^ In such cases, equation (XllI, 
18) can be used for computing the relative currents in a direction parallel 
to the boundary surface. Certain simplifications can be introduced, 
because p and p' always differ so little that (p» — p'v') can be replaced by 
p(p — vO* Therefore, the relative velocity can be computed by means of 
the equations 

v' — V gda •" or v’ — V => gda “ (XIII, 20) 

The latter expression is obtained by introducing the specific volume 
instead of the dentity, and is often more useful because the specific 
volume is more frequently used for representing the distribution of 
mass. 

The relative slope of the isobaric surfaces (XIII, 19) can also be 
expressed by means of the slope of a boundary layer: 



The above equation can be derived in a different manner. In fig. 106, 
it has been assumed that tiie isobaric surfaces that lie completdy in the 
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denser water<— for exunple, A‘B, A •£', and — are level. Let the 

pressure at the upper of these level isobaric surfaces, A-B, be p P. 
If the pressure is measured in decibars, the geometric distsmce between 
this isobaric surface and the free surface p 0 is then hi lOoeP/p 
in the water of specific volume a, and ht » lOa'P/g in the water of 
specific volume a', where a! is greater than a because p' is smaller than p. 
Between the points a and b, which are the distance L apart, the free 
surface must slope, because hj is greater than hi. The slope, which is 
taken positive downward, is 

(hi - h,) _ (o' - o)10P 

* L" - “ -gL'- ’ 

where the minus sign enters because the z axis is positive downward. 
Now, 

P _ 

lOo lOo'' 


and the differences (hi — hi) and (o' — o) are small. Therefore, 
P — gh/iOd. With this value, one obtains 


i’ 





a 
, 


because h/L equals the slope of the boundary surface. 

Where the isobaric surfaces slope, a eurrent must flow in a direction 
at right angles to the slope, and with such velocity that the component 
of gravity acting along the slope is balanced by the deflecting force of 
the earth’s rotation: 


or 



giB 


a 


d 



as before, because v is in this case aero. From the above equations one 
also obtains: 

_ a)p (XIII, 21) 

CUBBSNTS IN WaTBB IN WHICH THE DENSITY INCREASES StEADILT 
WITH Depth. The discussion in the preceding paragraph leads directly 
to corresponding formulae in the general case in which the dendty of the 
water increases steadily with depth. The relative velocity has, as 
previously, the numerical value Pi — ■« —egipi^, where in-pt w 
the inclination of the isobaric surface pi relative to the isobaric surface pt. 
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Hie geometric distuice betwem the two isobarie surfaces pt and pt 
is expressed by the integral 


h = 



where, as previously, g is considered constant and where the pressure is 
measured in decibars. Between two oceanographic stations A and B 
(A lying to the right of B), the inclination of the surface p — pi relative 
to the isobarie surface p = ps is then ^ 


ia-A = 



10 

gL 




and the relative current at right angles to this slope is 

= T [ (/„'■“ - (1?“ 

This formula corresponds to (XIII, 21). The relative velocity is posi- 
tive — that is, directed away from the reader — ^if the distance between the 
isobarie surfaces is greater at A than at B. Considering equation 
(XII, 5) and measuring geopotential distance between the isobarie 
surfaces pi and pt in dynamic meters, one obtains (see p. 408) 

^ (Da - Da). (XIII, 23) 

if . 

Because Da = D + ADa and Da = D + ADb (p. 408), the equation is 

reduced to 

Vi - Vi {ADa - ADa). (XIII, 24) 


By means of the relations between the field of pressure and the 
field of mass, which were derived on p. 410, one similarly obtains (Weren- 
skiold, 1937) 


vi-Vi = cgl, ^ (XIII, 26) 

P 

vi — »i = cgis(Si — 5*) = 10“*cgi,,(o-t, — vi,). (XIII, 26) 

Equations (XIII, 26) are of practical importance because they 
facilitate a rapid survey of the relative currents at right angles to a 
section in which the field of mass has been represented by means of the 
anomalies, S, or by means of curves. The inclination of a curve is 
positive when the curve slopes downward from left to right, because 
the poririve s axb points downward (see fig. 107). Since “pressure” 
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can be replaced with sufficient approxiinati<Hi by depth one obtains the 
simple rule: 

In the Northern Hemisphere the current at one depth rdative to the 
current at a greater depth flows 
away from the reader if, on an 
average, the 5 or curves in a 
vertical section slope downward 
from left to right in the interval 
between the two depths, and 
toward the reader if the curves 
slope downward from right to 
left. In the Southern Hemisphere 
the current flows toward the 
reader if the curves slope down- 
ward from left to right, and away 
from the reader if the curves 
slope downward from right to left. 

These rules make possible an orientation as to the direction of the 
relative currents by a glance at a 5 or ot section and a rapid computation 
of the approximate velocities. 



Fio 107. Schematic repreBentation of 
a field of masB and of the direction of the 
currents which must be present if the field 
shall remain stationary (Northern Hemi- 
sphere). 



Fig. 108. Specific volume anomalies in a vertical section at right angles to the 
coast of California in lat, 34 5*N, and direction of corresponding currents above 
500 decibars. 


Fig. 108 gives an example of a section at ri^t an^es to the coast 
of California in lat. 34.5®N. The section runs in the direction northeast- 
southwest, and the reader looks southeast. In the section, fi curves 
are entered at intervals of 10 X 10"*. The velocity relative to the 
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SOO-dedbw wufaee must be sppraximstely iwo along the lines, eribich 
have been mterod in such manner that Ii is approximately sero betwemi 
them and the 600-decibar surface. To the ri^t the relative current is 

directed toward the reader, and to the 

Irft it is also directed toward the 

reader except within the upper layer. 
In the middle a etroi^ current is di- 
•0® 'Ap. — rected away from the reader, toward 

\ — the southeast. Along the line A-B, 


1| = 3 k 10-», 



DISTANCE FROM COAST 


«1 - «» = 1.8 X 10-«, 


*0-600 “ —5.4 X 10~*. 

With c « 1.2 X 10* and p = 980 
cm/sec~*, one obtains vo — veoo = 64 
cm/sec. This value depends upon how 
the anomaly curves have been drawn 
between stations 4 and 5. Surface 
samples between these stations or a 
continuous temperature record woulcf 
in this case have greatly facilitated 
the correct spacing of the curves be- 
tweenfihe stations. 

Fig. 108 brings out a difficulty 
that is encountered when dealing 
with conditions in a section which ex- 
tends into shallow water. In the fig- 
ure the 6 curves have been drawn to 


Fig. 109. Upper. Specific vol- . nipvwi have been drawn to 

ume aaomaliee in a vertical section at ® 

right to the coast of California the solid line that represents the con- 
in Ut. 84.6*N. Lomr. Profiles of tour line of the bottom. Formula 
S’™' C: for jompuU..* th. dope 

sontally from the point where they free surf&ce relsitive to the 

inteisMt the sea bottom, or (2) by slope of the 500-decibar surface, is 

a?tiiebittom®de£ applicable, however, only where the 
the elope of the isoberic surface depth to the bottom is greater than 
(see text). 600 m, and loses its meaning if the 

depth to the bottom is less. The 
question .then arises as to how the inclination of the free surface shall be 
computed when the depth to the bottom is less than the depth of the 
standard isobaric surface to which the inclination is referred. At the 
suggestion of Napsen, Helland-Hansen (1934) introduced a method which 
is actually based on the assumprion that along the bottom both the 
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hoiisontal vdooity and the slepe of the isobaric surface vaidsh. Assmne 
that the area which in fig. 108 is occupied by a section of the soKd ewth 
is replaced by a fictitious section of water within which the t curves are 
horisontal continuations of the corresponding $ curves of the water. 
Such a system is ^own in fig. 109. When the section has been amplhSed 
in this manner, the slope of the free surface can be computed by means of 
formulae (XllI, 26). Computations will pve sero velocities along the 
bottom, and the slope of the isobaric surfaces will become sero when 
approaching the bottom. 

A similar method has been proposed by Jacobsen and Jensen (1926), 
but their formula introduces the additional assumptions that the profile 
of the bottom of the sea is a straight line and that the S curves are paralld 
and at equal distances. 

The assumption that the velocity vanishes at the bottom is probably 
always correct because of the influence of friction, but it is doubtful 
if the slope of the isobaric surface vanishes. As another approximation, 
one can apply the equation ip — — li(3i — it) (p. 412), introducing the 
slope of the 3 surfaces where they cut the bottom and taking the difference 
ii — it along the bottom. In the lower part of fig. 109 the profile of 
the free surface is shown as computed by means of the two assumptions. 
The difference in this case is very small and, even under extreme condi- 
tions, will never be very significant. 

No general rule can be given as to what method should be preferred. 
One may encounter conditions in which the assumption that the slope 
of the isobaric surface vanishes at the bottom is justified, and in such 
cases Helland-Hansen’s method should be used, but in other instances, 
where it may appear improbable that the slope of the isobaric surface 
is zero near the bottom, the last-mentioned method should be preferred. 

Practical Method for CoMPUTUia Relative Currents. The 
formulae that have been dealt with in the last chapter are applicable to 
computation of currents at right angles to a vertical section. In order to 
derive a method for computing the currents in space, it is necessary only 
to return to equation (XIII, 16), which states that in the absence of 
friction and acceleration the velocity must be such that the deflecting 
force of the earth’s rotation balances the component of gravity acting 
along an isobaric surface. It is now desirable to drop the assumption 
that the acceleration of gravity can be conshlcred constant and to use 
the geopotential slope of isobaric surfaces instead of the geometric dope. 
It follows from equation (XIII, 16) that, on the assumptions made, ^e 
direction of the velocity will be normal to the slope of the isobaric sur- 
faces — that is, parallel to the contour lines of the topography of the 
surfaces. The magnitude of the velocity will be inversely proportional 
to the djats-"**" between the contour lines, the factor of -proportionality 
depending upon the latitude. The whole problem of presenting tlm 
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vdocity field, which is associated with the distribution of masSi is there* 
for© xeduoed to preparing a representation of tiie geopotenfaal topog- 
raphies of isobaric surfaces. 

As has already been stated (p. 412), oceanographic observations can 
give information only as to the relative topographies, and therefore 
only as to the relative velocities. When using the term relative 
velocity,” one should bear in mind that the absolute velocities (referred 
to the rotating earth) are not obtained by adding a constant value to the 
relative velocities, but that the value which has to be added in order to 
obtain the absolute vdocities varies from one point to Mother, depending 
upon the unknown slope of the isobaric surface that has been used as a 
reference surface. 

The contour of the isobaric surfaces represent the stream lines 
of the relative motion, but they are not, as a rule, identical with trajec- 
tories even if the reference surface is suflBciently level so that the com- 
puted velocities represent the absolute motion. If such is the case, 
the contour lines will be trajectories only if the motion is stationary — 
that is, if dv/di = 0 (p. 167). Because it has been assumed that dvidi = 0, 
it follows that the conditions 


I dv* A 

= 0 , 

I dVy 


must be fulfilled. Examination of these conditions leads to the con- 
clusion that the motion can bo stationary only if the geopotential con- 
tour lines are directed east-west and are spaced at equal intervals. These 
conditions are never fulfilled if a larger area is considered, for which 
reason the motion derived from the geopotential topographies of isobaric 
s*irfaces is, as a rule, not stationary. Thus, the contour lines represent 
approjdmately stream lines, but not trajectories. Furthermore, it should 
be observed that a current represented by equations (XIII, 16) and 
flowing east-west is free from horizontal divergence: 

^4-^ = n 

dx ^ dy ' 

but that a current which has a component toward the north or the south 
is not free from horizontal divergence and must be accompanied by 
vertical motion. 

It is also of great importance to remember that equations (XIII, 16) 
and (XIII, 22) express nothing as to cause or effect. They do not 
state that the current is present because the distribution of mass is such 
and such. Nor do they state that the distribution of mass shows certain 
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characteristic features because the water flows in a certain direction. 
They state only that on the assumptions made a definite relationship 
exists^ between the currents and the distribution of mass. In order to 
examine the causes of the ocean currents^ it is necessary to take into 
account the factors which maintain either certain distributions of mass 
or certain currents; and these questions will be dealt with later on. 

The computation of the geopotential distances between isobaric 
surfaces has already been discussed, and the whole problem of computing 
ocean currents would therefore be very simple if (1) simultaneous 
observations of temperature and salinity at different depths were avail- 
able from a number of stations so that relative topographies could be 
constructed, (2) accelerations could be neglected, (3) frictional forces 
could be neglected, and (4) periodic changes in the distribution of mass 
as related to internal waves (p. 601) were negligible. 

Simultaneous observations from a number of stations are never 
available, and the question therefore arises as to whether charts based 
on stations that have been occupied within a certain time inters al can 
be considered as approximately representing a synoptic situation This 
question can be examined by repeated surveys of the same area. Such 
surveys have shown that conditions vary in time, but so slowly that the 
main features of a certain topography are represented correctly by 
nonsiinultaneous observations that have been taken within a reasonably 
short time interval. Results of repeated surveys are found in the 
publications of the U. S. Coast Guard presenting the work of the Inter- 
national Ice Patrol off the Grand Banks of Newfoundland, v'here a small 
area has been covered in less than a week and where cruises have been 
repeated at intervals of three to four weeks. In these intervals of lime 
the details of the relative topograpl y have changed greatly, but the 
main features have changed much more slowly. Similar surveys have 
been conducted off southern California by tb** Scripps Institution of 
Oceanography (Sverdrup and staff, 1942). 

Fig. 110 shows the results of two cruises off the coast of southern 
California in 1940, The upper chart shows the topography of the surface 
relative to the 500-decibar surface according to observations between 
April 4 and 14, and the lower chart shows the correspemding topography 
on April 22 to May 3. The stations upon which the charts are based 
are shown as dots. The time interval betw'ec.' the cruises was about 
sixteen days, and, although the main features were similar, the details 
were greatly changed. Thus, in lat. 33®40'N, long, 120‘^W, the computed 
surface curr^^nt on the first cruise was 36 cm/sec toward N 80®E, whereas 
on the second cruise it was 14 cm/sec toward S 30®E, In the time 
interval between the two cruises the average local acceleration was 
therefore 2,6 X 10-» cm/sec^ toward S 67°W, but, compared to the 
acting forces, this is a small quantity. On the first cruise the numerical 
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value of the geopotential dope of the surface was 294 X 10~* cm/sec*, 
and on tiiie second it was 117 X 10~' cm/sec*. The total acceleration 
is genwally of the same order of magnitude as the local acceleration, 



Fig. 110. Geopotential topography of the aes surface in dynamic meters referred 
the 600-deoibar surface according to obsnrvations off southern California on April 4 
14, 1040 (upper), and on April 22 to May 3, 1940 ({oteer}. 


and was therefore also small. Even in these oases the stream lines of 
the flow approximatdy coincided with the contour lines, although the 
distribution of mass was chai^;ing continuously, and the combination 
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oS observations taken during ten days led to a somewhat distorted 
picture of the topography. 

As a rule, it can be stated that the smaller the area the m<He neaily 
simultaneous must observations be in order to permit conclunons as to 
currents. On the other hand, when dealing with ocean-wide conditions, 
observations from different years can be combined. 

The second assumption, that the motion is not accelerated, is evi- 
dently not fulfilled when dealing with a smaller area within which 
conditions change rapidly, but, according to the above numerical example, 
no serious errors are introduced if one is satisfied with an approximate 
value of velocity. The assumption will be more closely correct when 
large-scale conditions are considered. 

The third assumption, that the frictional forces can be disregarded, 
must also be approximately correct, as is evident from agreement obtmned 
between computed surface currents and surface currents that are derived 
from ships’ logs or from the results of experimentation with drift bottles. 
The fourth assumption is nearly correct where the accelerations are small. 
It can be stated therefore that the computations which have been out- 
lined can be expected to render an approximately correct pictures of the 
relative velocities that are associated with the distribution of mass. 

Absolute CuRBEirrs Associateo with the Field of Mass. In the 
discussion so far, we have considered only the relative currents associated 
with the relative field of pressure, but the ultimate goal must be to 
determine the absolute current. The problem of determining absolute 
currents can be dealt with in two steps. In the first place, one can con- 
sider whether there are reasons to assume that the al»olute currents are 
determined completely by the internal distribution of mass. If this 
question is answered in the afiSrmative, one ran decide what reference 
surface should be used in order to find the absolute motion. 

The first question can be approached in the following manner: If 
the distribution of mass remains stationary, the flow must always be 
parallel to the isopycnals, because, if this condition is not fulfilled, the 
distribution of mass will be altered by the motion On the assumptions 
made, the flow is always parallel to the isobars, and it follows, therefore, 
that under stationary conditions isopycnals and isobars must be parallel 
at all levels. It also follows that the isobars and isopycnals at one level 
must be parallel to those at all other levels (p. 157). This rule is identical 
with the “law of the parallel solenoids’’ of Helland-Hansen and Ekman 
(Ekman, 1923). The absolute motion that must be considered when 
dealing with distortion of the field of mass depends, however, on the 
total field, and this total field must evidently have the same geometrical 
shape as the internal fidd if the law of the parallel solenoid shall be ful- 
filled. The total field is composed of the internal and the slope fields 
(p. 413) ; consequently, these fields must coincide if the law of the parallel 
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solenoid shall be fulfilled. It would be very unlikely, however, for a 
slope field of such character to develop, for which reason parallel iso- 
pycnids and isobars stron^y indicate that a slope field is absent. 

The study of large-scale conditions in the ocean has shown that over 
large areas the isotherms and isohalines, and, consequently, the iso- 
pycnals, arc parallel at different levels and that their direction coincides 
with the direction of the relative isobars or with the contour lines of the 
isobaric surfaces. This empirical result strongly supports the view 
that the large-scale currents are mainly determined by the internal 
distribution of mass. Even in small areas a similar arrangement is often 
found, but many exceptions are encountered there which clearly demon- 
strate that stationary conditions do not exist, and which may be 
interpreted as indicating that the details of the absolute currents are 
not determined by the distribution of mass. 

The next question that arises is whether it is passible in the ocean 
to determine a surface along which the velocity is zero, so that absolute 
velocities are found when the relative motion is referred to this surface. 
Such a surface need not be an isobaric surface but may have any shape. 

One school of oceanographers points out that the deep waters of the 
oceans are nearly uniform and that in the deep water the isopycnal 
surfaces are nearly horizontal. It is therefore assumed that in the deep 
water the isobaric surfaces arc also nearly horizontal and that absolutef 
currents are found if the reference level is placed at a sufficiently great 
depth. 

A second school of oceanographers claims that the distribution of 
oxygen in the ocean must be closely related to the type of motion, and 
especially that the layer or layers of minimum oxygen content that 
are found over large areas must represent layers of minimum horizontal 
motion. C’onsumption of oxygen takes place at ail levels, owing to 
biological processes, and it is reasoned that miniraiun oxygen content 
is found where the replenishment of oxygen by horizontal flow is at a 
minimum because of weak motion. Rossby (1936a) and Iselin (1936), 
among others, have drawn attention to the fact, which has been clearly 
demonstrated by Dietrich (1937a), that this conception may lead to 
peculiar results concerning the mu-rents. In the Gulf Stream, with the 
2000-decibar surface as reference surface, one finds flow in the direction 
of the Gulf Stream from the sea surface to a depth of 2000 m, whereas, by 
selecting the oxygen minimum layer as reference surface, one finds that 
the flow in the direction of the Gulf Stream is limited to the upper layers, 
while at greater depths the current flows in the opposite direction with 
velocities that increase toward the bottom. The latter type of flow 
appears unreasonable, and therefore the oxygen minimum layer in that 
case cannot be a layer of no motion. 
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Another argum^t may also be advanced against Maignlng dynamic 
significance to the oxygen minimum layer (Sverdrup, 1938a). As has 
already been stated with regard to this layer as a layer of mmimnm 
motion, it is argued that the low oxygen content is due to a slow replenish- 
ment of oxygen by horizontal fiow. It must be borne in mind, however, 
that in the ocean the distribution of oxygen is nearly statiomuy, meaning 
that at any point the amount of oxygen which in a given time is brought 
into a given volume by physical processes, such as diffusion and horizon- 
tal flow, must exactly equal the amount which in the same time and 
volume is consumed because of biological processes. Therefore, if the 
oxygen minimum layer represents a layer of miniTniim replenishment, 
it must also represent a layer of minimum consumption, and this require- 
ment leads to certain conceptions concerning the biological conditions 
in the ocean which at present appear arbitrary. From this point of view, 
it does not appear permissible to make use of the oxygen distribution 
when drawing conclusions as to the character of the currents, althou|^ 
cases exist in which a minimum oxygen layer may lie close to a surface 
of no motion (p. 161). 

A third method has been employed by Defant (1941), who points out 
that in the Atlantic Ocean the relative distances between isobaric surfaces 
remain nearly constant within certain intervals of depth. He assumes 
that a surface of no motion lies within this interval, and arrives in this 
manner at a consistent picture of the shape of the reference surface in 
the Atlantic and at results which are in good agreement with tiiose 
obtained by considering the equation of continuity. 

A fourth method is based on the equation of continuity, but this 
method has so far been little used because it requires comprehensive data. 
The application can be illustrated by conridering the currents of such an 
ocean as the South Atlantic. It is evident that the net transport ot 
water (p. 465) through any cross section of the South Atlantic between 
South Africa and South America must be zero, because water cannot 
permanently be removed from the North Atlantic or be accumulated 
in that ocean, which is practically a closed bay. In the South Atlantic 
a surface of no motion must therefore be selected so that the flow to the 
north above that surface equals the flow to the south below the same sur- 
face (p. 465). Similarly, the surface of no motion has to be selected in 
other regions in such a manner that one arrives at a consistent picture 
of the currents, taking into accoimt the continuity of the system and tiie 
fact that subsurface water masses retain their character over long dis- 
tances. Examples of such pictures are shown in figs. 187 and 205. 
Hidaka (1940) has computed absolute currents by another application of 
the equations of continuity in the form div P div Af s 0 (p. 436). 
This and similar methods should be more widely used. 
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Smpi Cdbbuntb. VARiAnoKS OP SBil Lbvcl, The fact tiiat over 
large areas of the open oceans the law of parallel solenoids is nearly 
fulfilled indicates, as has already been stated, that no large-scale slope 
currmts exist, but the absence of such currents does not exclude tibe 
posdbility that slope currents may be found within small areas, particu- 
hudy in coastal regions. It is probable that converging winds may lead 
to an actual piling up of water in certain areas, and diverging winds to a 
removal of water from other areas, thus creating slopes that may give 
rise to currents at all levels between the surface and t|ie bottom. This 
t 3 rpe of slope current may be more readily developed near coasts, where 
piling up takes place against the solid boundary. So far, only indirect 
evidence exists for the occurrence in the open ocean of such slope currents, 
and this evidence will be dealt with later (p. 678). 

Under the discussion of the general character of the distribution of 
pressure (p. 407) it was mentioned that the absolute topography of the 
free surface of a lake might be determined by means of very accurate 
measurements of the water level along the shores of the lake. This 
method has actually been used for studying the influence of the wind 
on the slope of the sea surface in such landlocked bodies of water as the 
Gulf of Botiinia (Palm4n and Laurila, 1938). Similarly, it might .seem 
possible to obtidn an idea of the absolute topography of the ocean surfao^ 
by exact leveling along the coasts, but this procedure encounters the 
difficulty that lines of precision leveling cannot be carried from one 
continent to the other. Precision leveling along the coasts of the United 
States has been completed, however, although as yet the interpretation of 
most of the results appears doubtful. 

According to these results (Bowie, 1936) the mean sea level along 
the coast of the Gulf of Mexico generally drops eastward, but along the 
Atlantic coast of the United States the mean sea level rises to the north 
(table 81, p, 677). If friction can be disregarded and if slope currents 
do not exist, the differences in sea level should be completely accounted 
for by the differences in the average density of the water off the coast, 
provided that minor corrections for differences in atmospheric pressure 
have been applied. A study of the distribution of density (Dietrich, 
1937b, Montgomery, 1938) shows that in the Gulf of Mexico the decrease 
of mean sea level toward the east is in good agreement with the density 
distribution. However, the rise toward the north along the two coasts 
cannot be accounted for in this manner. Dietrich (1937b) arrives at the 
conclusion that the rise along the Atlantic coast is due to frictional 
influence, and he states that a rise of the mean sea level along a coast 
in the direction of fiow of the main current off the coast must be present 
where the addition of kinetic energy to the current is less than the 
destruction of kinetic energy by friction. Ekman (1939), however, 
expresses doubt as to the correctness of Dietrich’s conclusion, and the 
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problem, one of tiie most puszling of recent years, cannot yet be con- 
sidered solved. Another attempt at explaining conditions on tiie 
Atlantic coast is presented on p. 678. 

On the Pacific coast the mean sea level is horizontal between San 
Diego and San Francisco. To the north of San Francisco the sea level 
appears to rise, but this conclusion is based on records of sea level- at the 
mouth of the Columbia River (Fort Stevens), where the outflow of fresh 
water may account for the higher sea level, and, further to the north, 
on records of sea level at great distances from the open coast. The rise 
toward the north is therefore not well established 



(curve), and accurdmg to observed variations in den8it> above a depth of 500 ni 
(cdfumni). 

Sea level on the Pacific coast I alMiut 50 cm highet than on the 
Atlantic coast, and this differcnct may perhaps be related to the lower 
average density of Pacific water. 

Variations in the average density of wal(*i columns appear capable 
of accounting for local variations in sea level, as is demonstrated by 
recent studies of Monigomery (1938) and LaFond (1939). The curve in 
fig 111 (LaFond, 1939) shows weekly averages of sea level according to 
tidal records at La Jolla, California, and the black columns represent 
the sea level at La Jolla as extrapolated from charts showing the topog- 
raphy of the surface relative to the 500-decib‘U <!urface as derived from 
cruises in 1937 and 1938. The 500-dccibar surface was used as reference 
because near the coast water of uniform density was encountered below 
a depth of 500 m. Columns have been entered instead of dots because 
extrapolation of the contour lines as far as the coast is uncertain. The 
height of the columns gives the probable limits within which sea level 
on the coast should lie, and the width corresponds to the length in time 
of the cruises. The agremnent between the variations of sea level as 
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detennined by means of the recording tidal gauge and those derived from 
the chmiges in density above 500 m appears to demonstrate that in this 
case by far the greater part of the local variations of sea level are due to 
changes in the density of the coastal waters. This conclusion is sup- 
ported by much more evidence of similar nature. 

Off a coast near which the density of the coastal water may vary owing 
to external influences (whereas the density of the oceanic water remains 
relatively constant), the variations in sea level have direct bearing on 
the slope of the sea surface toward or away from the coast. Variation 
in sea level can thus be interpreted in terms of slope of Sea surface — that 
is, in terms of a coastal current. Similarly, if a current flows between 
an island and a coast, there mu.st be a difference in sea level across the 
current. Simultaneous registrations of sea level on the island and on 
the coast may be very helpful in detecting changes of the slope and, 
thus, in changes in the velocity of the current. For the purpose of 
detecting such changes, the Woods Hole Oceanographic Institution, 
with the cooperation of the U. S. Coast and Geodetic Survey, has estab- 
lished a permanent tidal station on Cat Cay, one of the Bimini Islands, 
which lies on the southeastern side of the Strait of Florida. The records 
at this station will be compared to those at Key West and Miami, 
Florida. It can be expected that these studies, which deal with variation^ 
in the slope, will amplify the knowledge of the total field of pressure. 

Bjerknes’ Theorem of Circulation. The general formula 
for computing ocean currents from the slope of the isobaric surfaces, 
V = —gei, was derived by H. Mohn in <1885, but Mohn did not dis- 
criminate sharply between the .slope due to internal distribution of mass 
and the slope due to external factors. Furthermore, the oceanographic 
observations at the time when Mohn pre.sented his theory were not 
sufficiently accurate for computation of the relative field of pressure. 
Owing to these circumstances, and also to others depending on certain 
characteristics of the theory that have recently been explained by Ekman 
(1939), Mohn’s formula received no attention. The corresponding 
formula for computation of currents associated with the relative dis- 
tribution of pressure. 


V, - = 10c (XIII, 27) 

was derived independently by Sandstrdm and Hclland-Hansen (1903) 
from V. Bjerknes’ theorem of circulation (V. Bjerknes et al, 1933; also 
Smith, 1926, and Defant, 1929a). 

Bjerknes makes use of the term "circulation along a closed curve." 
Consider a closed curve that is formed by moving particles of a fluid. 
The velocity of each particle has a component v, along the curve, and 
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the integral of all these components along the entire curve represents 
the circulation along the curve; C *= S. vjdt. 

If friction is neglected, the time change of the circulation can easily 
be found from the equations of motion, because 


Consider, first, conditions in a coordinate system that is at rest and 
assume that gravity is the only external force. The integral of the 
component of gravity along a closed curve is always zero, because it 
represents the work performed against gravity in moving a particle 
along a certain path back to the starting point. There remains, there- 
fore, only 

~ = -j adp = N. (Xiri, 29) 

The integral on the right-hand side Ls zero only if the specific volume 
is con.stant along the curve or is a function of pressure only. In these 
cases, no internal field of force exists, 
and the theorem tells that the circu- 
lation along a closed curve is constant 
if the fluid is homogeneous or it 
isostorie surfaces coincide with iso- 
baric surfaces. If the isosteric sur- 
faces cut the isobaric surfaces, the 
space can be considered as filled by 
tubes, the walls of which are formed 
by isosteric and isobaric surfaces. If 
these are entered with unit difference 
in specific volume and pressure, re- 
spectively, the tubes are called sole- 
noids. It can be shown that the 
integral in equation (XIII, 29) i.s 
equal to the numbers of solenoids, N, 
enclosed by the curve. Consider now a curve that nins vertically down 
to the isobaric surface p — pt, along this isobaric surface, then vertically 
up to the isobaric surface p pi, and finally along this surface back to 
the starting point (fig. 112). Along the isobaric surfaces, dp s 0, and 
therefore 



Fig 112. Lucation m 4 he pressure 
field of a curve along which the time 
change of circulation is examined. 


(-xr ■»*!>). + (-r ' '“(o- - "•)• 

(XIII, 30) 


according to equation (XII, Si). 
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If the eirculation relative to the earth is considered, the deflecting 
force has to be taken into account. According to Bjerknes, this is done 
by writing 

f=-Jadp- 2 .^, (Xra,31) 

where S represents the projection on the equatorial plane of the area that 
is enclosed by the curve «, and a, as before, means the angular velocity 
rotation of the earth. 

Consider the same curve as before, and assume that the upper line, 
p = pi, moves at a velocity vi at right angles to the line A-B, whereas 
the lower line, p » pj, moves at a velocity vt, and let the distance A-B 
be called L. Then the time change of the projection on the equator 
plane is 

dS / \T ‘ 

= (vi - v,)L sin V. 


Assume now that the circulation is constant (dC/dt = 0). It then 
follows that the velocity difference, ffi - »*, must be expressed by the 
equation 

„ - 1Q(^^ - Db) 

* ’ L2u Bin <p 


(XIII, 32) 


This is the equation for computing relative currents which Sandstrom 
and Ilelland-Hansen derived from the theorem of circulation, assum- 
ing stationary conditions and neglecting friction, and which has been 
arrived at above (equation XIII, 23) oii •the basis of more elementary 
considerations.* 

The complete theorem of circulation contains a great deal more 
than the simple statement expressed by equation (XIII, 32), but so far it 
has not been possible to make more use in oceanography of Bjerknes’ 
elegant formulation of one of the fundamental laws governing the motion 
of nonhomogeneous fluids. 

Tkanspobt by Cxjkkents. The volume transport by horizontal 
currents has the components 

T. = X' = X' 

and the mass transport has the components (see p. 425) 

Mr = X** pM*, My = X** PP»d*, (XIII, 34) 


where d is the depth to the bottom. 

* In .the literature, some confusion exists as to the signs in these equations. The 
above signs are consistent with the coordinates used. The relative velocity is posi- 
tive; that is, the relative current is directed away from the reader if A lies to the right 
of B and if Dii is greater than Dm- 
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The absolute vdume transport can be computed only if the absolute 
velocities are known, but the volume transport by rdative currents can be 
derived from the distribution of mass. By means of equations (XIII, 16), 
one obtains 


T, = 10c f Ty = -10c r^dz. 

Jo 9y ’ ' Jo dx 

(XIII, 35) 

Introducing the equation for AD (XII, 7) and writing, 
Jakhelln (1936), 

according to 

fo 

(XIII, 36) 

one obtains 


T..-10c§. 

(XIII, 37) 


The quantity Q is easily computed, because AD is always determined 
if velocities are to be represented. 

It should be observed that in practice the numbers that represent 
the geometric depths are also considered as representing the pressures in 
decibars (p. 410). In computing Q the integration is therefore carried to 
the pressure p decibars and the depth d meters, which are both expressed 
by the same number, but a small systematic error is thereby introduced. 
Jakhelln (1936) has examined this error and has shown that the customary 
procedure leads to Q values that are systematically 1 per cent too small, 
but this error is neglipble. 

Curves of equal values of Q can be drawn on a chart, and these 
curves will bear the same relation to the relative volume transport that 
the curves of AD bear to the relatu'e velocity, provided that the deriva- 
tions of Q are taken as positive in the direction of decrease. Therefore, 
the direction of the volume trarrsport above the depth to which the 
Q values are referred will be parallel to the Q lines, and munerical values 
will be proportional to the gradient of the Q lines. The factor of propor- 
tionality will depend upon the latitude, however; between two Q lines 
that indicate transport to the north, the transport will increase in the 
direction of flow, whcieas, between two Q lines indicating transport to 
the south, the transport will decrease in the direction of flow. Taking 
this fact into account, one can construct curves between which the 
transport is constant, but these curves will no longer be exactly parallel 
to the direction of the transport. Within a small area the deviation 
will be imperceptible, but within a larger area it will be considerable. 

Between two stations A and B (A lying to the right), at distance L, 
the volume transport is 

r « L = 10c JT' (AD A - AD,)dz. (XIII, 38) 
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Thiis, the volume transport between two stations depends only on the 
geopotential anomalies at the two stations. It is independent of the 
distance between the stations, and it is also inde])endent of the dis- 
tribution of mass in the interval between the stations. 

It is not necessary to develop corresponding equations for the mass 
transport, because this can be derived with sufficient accuracy from the 

volume transport by multiplication with 
an average density (Ekman, 1929, 1939; 
Jakhelln, 1936). 

Convenient formulae > for the compu- 
tation of the transport of a coastal cur- 
rent have been developed by Werenskiold 
(1937) on the assumption that the isosteres 
rise toward the surface and intersect the 
surface at some distance from the coast 
(see fig 113). 

If there are only two layers of homogeneous water, the transport is 
easily found. If the water of greatest density is at rest, the velocity 
in the area ABC (fig. 113) is 



rep- 


Fig 113 Schematic 
reaentation of hydrographic 
conditions off a coast 


P - P' _ Z p - p' 

v-cgiM-j-=cgj--—. 


The volume transport is 


T^lvLZ = lc(^^ 


Z\ 


(XIII, 39) 


(XIII. 40) 


The volume transport apparently has been computed from observar 
tions at only the one station at which the depth to the boundary surface 
is 2, but the assumption that at and beyond the distance L the homo- 
geneous, denser water reaches surfaces is equivalent to assuming that 
conditions at a second station at or beyond L are known. Owing to this 
circumstance, it is readily seen that the boundary surface can have anj' 
shape, because it has already been shown that the transport between 
two stations depends only upon the distribution of density at the two 
stations and is independent of the distribution of density between the 
stations. 

For currents in water within which the density varies continually 
with depth, Werenskiold arrives at the formula 

^ (XIII, 41) 


This formula gives the transport above the surface p = p„ which, near 
the coast, is encountered at depth Zt, provided that the water below p, 
is at rest. 
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A conaideration of computed ttasisport and of the contimatjr of the 
system is hdpful, under certmn conditions, in separating currents flowii^; 
one above the other. The average transport through a v^ical section 
that represents the opening to a basin must be zero, because water cannot 
accumulate in the batin, nor can it continue to flow out of the basin. 
Observations at stations at the two sides of such a section may, however, 
show transport in or out if the velocity along the bottom is assumed to 
be zero. However, this assumption would be wrong, and a depth 
no motion must be determined such a manner that the transport 
above and below that depth are equal. This depth can be foimd by 
plotting the difference M>a. — AD ' against depth, computing the average 
value of the difference be- 

vaauc wi uxxc w ACVADfc DYN METERS 

tween the surface and the .0 _oio 020 

bottom, and reading from the 
curve the depth at which that 
average value is found. This 
depth is then the average 
depth of no motion, and the 
transports above and below 
that depth are in opposite 
directions. 

The procedure is illustrat- 
ed in fig. 114, in which is plot- 
ted the difference ADi — AD* 
at Meteor stations 46 off South 
America and 23 off South 
Africa, both in about latitude 
29°S. Assuming no current 
at a depth of 3500 m, one 
would obtain a transport to 
the north proportional to the 
area ABC, or equal to 44.5 
million m*/sec. Such a transport to the north is impossible, and the 
velocity must therefore be zero at some other depth. The average 
value of ADa — ADb is 0.090 dynamic meters, and this value is found 
at a depth of 1325 m. If this depth is selected as a depth of no motion, 
the transport to the north becomes proportional to the area DBS and 
equal to 20.7 million m’/sec, and below 1325 m the transport is directed to 
the south, is proportional to the area ECF, and is also equal to 20.7 millibn 
mVsec. The transport above the depth of no motion can be written in 
the form 



Fig. 114. Determination of the depth 
above and below which the transport between 
two stations, A and B, is equal. 


r « lOc J^* (AD* - AD,)dz - 10c 2 {ADa - AD*) dz, (XIII, 42) 
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wlMre d is the depth above which the taaiiq>ort was first ealctilated and 
h is the depth of no motion. 

Only the overage depth of no motion can be determined in this manner. 
Genially, the depth of no motion is not constant, but the inclination 
can be found by studying the distribution of temperature and salinity 
in the section. It is rational to assume that a surface of no motion 
coincides with isothermal and isohaline surfaces, and that therefore, in a 



Fig. 115. Disfleetions of a current when passing a ridge, the profile of 
which is shown at the bottom. Zie/E. Deflation of a current in homo- 
geneous water, due to friction (Ekman). Right. Deflection of a relative 
current (see fig. 16). 

section, the depth of no motion follows the isotherms and isohalines. 
On that assumption, one finds that in the example which has been dis- 
cussed the depth of no motion rises from about 1460 m off South America 
to about 1200 m off South Africa. 

The Influence of Bottom Topoqbaphy on Ocean Cuebents. 
Ekman (1923, 1927, 1932) has examined the effect of the bottom topog- 
raphy on currents, taking into accountri^he rotation of the earth. He 
arrived at the conclusion that in low laiitudes the currents tend to flow 
eoM-weet, independent of the slope of the bottom, but that in middle and 
high latitudes the currents tend to fallow the bottom cordours. These con- 
clusions are verified by experience. Ekman also found that a current 
will be deflected cum sole when entering shallower water and contra^ 
solem when entering deeper water, and that these deflections are inde- 
pendent of the absolute depth to the bottom. The curvature of the 
stream lines is greatest where the change in slope is greatest, and when 
crossing a ridge the stream lines will therefore have the form shown in 
fig. 115, left. 

In his examination, Ekman assumed homogeneous water and the 
presence of a slope current within which the velocities are independent 
(ff depth except within a layer that b influenced by bottom friction (p. 
499). The effect of the bottom topography on relative currents in 
non-homogeneous water has not been examined, but qualitatively the 
character of the modifications b easily seen. Consider first, in the 
Northern Hembphere, a relative current which in an ocean of constant 
depth reaches nearly to the bottom (fig. 116). Within such a current 
the deepest isopycnic or isosteric surfaces are horizontal, but above the 
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depth of perceptible motion the ieoeteric surfacee slope in such n manner 
that an observer looking in the direction of flow has the water of greatest 
specific volume (lowest density) to the right and tiie water of least 
specific volume to the left. Con- 
sequently, the isosteric surfaces 
slope downward from left to 
right, and the corresponding 
isobaric surface slope in the 
opposite direction, from right to 
left. If the field of mass is de- 
scribed by means of the specific 
volume anomaly, 5, the equation 
ij, = — fi(ii — 8 *) expresses the 
relation between the dope of the 
isobaric surface, ip, and the av- 
erage slope of the 8 surfaces, 

(p. 412). This distribution of 
mass and pressure is illustrated 
on the right-hand side of the perspective diagram in fig. 1 16, where it is 
supposed that the isosteric surface 8 — 8 i coincides with a level surface. 

When this current approaches a submarine ridge over which the 
water must flow, the 8 surfaces must rise, as shown in the diagram. 
Accordingly, the distribution of mass is altered in the direction of flow 
in such a manner that the 8 surfaces slope upward when approaching the 
ridge and downward after passing the ridge. The isobaric surfaces are 
altered correspondingly and must slope dowuiward when the current 
approaches the ridge and upward after it has passed; that is, a low- 
pressure trough develops along the ridge, but this trough rises from left 
to right relative to an observer who looks in the direction of flow, because 
the lighter water remains on the right-hand side (fig. 116). Conse- 
quently, the isohypses of the isobaric surfaces, which were straight 
lines over the even bottom, bend to the right when the current approaches 
the ridge and to the left when it has passed. In the Southern Hemisphere 
the bends will be in opposite directions, and, in general, a deep current is 
therefore deflected from its straight course when crossing a ridge, the 
deflection being to the right in the Northern Hemisphere and to the left 
in the Southern. The maximum deflection in this case is directly over 
the ridge, as shown in fig. 115. 

In the schematic representation in fig. 116 the 8 surfaces at inter- 
mediate depths — say, the surfaces marked 8 i and 84 — ^must evidently 
show a ridge above the bottom ridge and must at the same time slope 
from left to right. The vt surfaces must have a similar form. As an 
example of such influence of the bottinn topography on the field oi mass, 
fig. 117 shows the topography of the surface v* » 27.7 in the region where 



Fig. 116. Perspective diagram showing 
the deformation of the sea surface when a 
relative current reaching nearly to the 
bottom crosses a submarine ridge. 
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the Antarctic CSrcumpoIar Current crosses the submarine rid^ between 
the South Orkney Islands and the Faik/and Islands. If conditions Are 
nemJy stationary, the current must follow the contours of the surfaces, 
as indicated by the arrowheads. The current Aowb from west to east, 
ainna the fft surfaces ainlf toward the north. The slope is very evident 
becaiise this ot surface sinks about 1400 m in a horizontal distance of 
about 900 km. One part of the current flows to the south of South 
Georgia, following the bottom contours, but another part crosses the 
ridge and is deflected sharply to the left. Consequently, the v* surface 
shows a ridge coinciding with the submarine ridge thi^f’ is indicated by the 
d000*m contour. Other examples of similar deflections are given on 
pp. 616 and 671. 



Qualitative examples other than the one shown in fig. 116 can easily 
be prepared. Thus, the current must flow around a peak rising from 
the sea bottom, and this flow will result in a widening of the distance 
between the stream lines above the peak and perhaps in the development 
of a cyclonic eddy. The discussions by Wust (1940) and Neumann 
(1940) of conditions around the Altair dome in the North Atlantic con- 
firm these conclusions. 

The above reasoning is purely qualitative. If the quantitative 
effect of the bottom topography is to be examined, it is necessary to 
consider that the equation of continuity and the equations of stationary 
motion and stationary distribution of mass must bo satisfied. No 
quantitative computations have been made, but it can be pointed out 
that stationary distribution of mass requires that the law of the parallel 
solenoids be fulfilled (p. 455). Hence the isohypses of all isobaric 
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surfaces must be parallel, and, thus, the effect of the bottom topography 
must reach from the bottom to the free surface. This conclusion is in 
agreement with the finding that the bottom topography may be reflected 
in the distribution of temperature and salinity in the upper levels (Neu- 
mann, 1940). On the other hand, the system cannot be strictly sta- 
tionary, because both the curvature of the stream lines and the deviations 
from an east-west flow necessitate the existence of accelerations The 
expected deflections may appear on charts showing average conditions, 
but, on charts showing synoptic data, numerous cddie,s and irregularities 
may occur which may be so prominent that the a\erage features are 
masked if few data are available 


Friction 

GENiCH4.L CoNsiDtHATioN OF Friction. Two of the fundamental 
concepts concerning friction in a fluid are (1) that shearing stresses are 
produced when layers are slipping relative to each other, and (2) that the 
shearing stresses acting on a unit area are proportional to the rate of 

shear normal to the surface on -p>\. 

which the stress is exerted' t = 1 — ^.(dv/dz), ax ay 

ndv/dn. The tactoi of proportion- 
ality, n, IS called the dynamic ns- 
cosity of the fluid 

Frictional forces per unit volume 
are equal to the differences between 
shearing stresses exerted on oppo- 
site sides of a cube of amt dimen- 
sions Considei a cube of side 
length As (fig 118) in a fluid moving only in the direction ol the x axis, 
and let the rate of shear at the upj. .r and lower surfaces of the cube be 
idv/dz)i and (dv/dz)t, respectively The shearing stress per umt area of 
the upper surface is then ti = {ydvldz)^, an*’ the total stress acting on 
the iippci surface is 





Fig 118 Fnctional stresses in the 
direction of the x axis on two sides of a 
cube 


riAxAy 


( I* dv\ 

■■ V dz A 


AxAy 


Similarly, the shearing stress exerted on the lower surface is 

r*AxAy ^('^''^^AxAy 

The force acting on the cube is equal to (ti — r})AxAy, and the force 
per unit volume » 

(ri - r»)AxAy 
AzAyAs ' 
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or, introducing differentials, one obtidns 

if n can be considered a constant. 

In classical hydrodynamics the dynamic viscosity, n, is considered 
a characteristic property of the fluid — ^namely, the property that resists 
angular deformation. Being a characteristic property, the magnitude 
of M is independent of the state of motion, but it varies, as a rule, with 
the temperature of the fluid. . Within wide limits it is^ndependent of the 
pressure. The dynamic viscosity has the dimensions whereas 

the kinematic viscosity, defined as r = m/p, has the dimensions L*T~^. 
A table of the dynamic viscosity of sea water is given on p. 69. 

The derivation of the general frictional terms that must be taken 
into account when dealing with motion in space is given in the general 
textbooks on hydrodynamics or fluid mechanics which are listed at the 
end of this chapter. The complete theory requires the introduction of 
both shearing and normal stresses, and leads, if p is considered constant, 
to the expressions for the frictional terms; 

K, + (XIII, 44) 


where 


,. dVx , dOy , do, 
= div i; = -r- + 

dx dy dz 


a* 

and where the operation V* means + 


a® a® 

ay® a«*' 


When these terms are added to the equations of motion (XIII, 1), 
and if the terms depending upon the divergence of the velocity are 
omitted, one obtains the Novier-Stokez equation of motion (for example. 
Lamb, 1932), which in greatly simplified form has found application to 
problems in fluid mechanics. The theory that leads to the development 
of the Navier-Stokes equation excludes, however, the possibility of local 
fluctuations in velocity and presupposes that the fluid moves in layers, or 
laminae. This type of motion is called “laminar flow," but is probably 
nev^r encountered in the ocean. The Navier-Stokes equations find, 
therefore, no application to oceanographic problems and have been 
mentioned here only as an approach to the problem of fluid resistapce 
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and for the sake of completeness. Only the frictional forces that are due 
to tvrbvlenee are of sigr^cance to currents in the sea. 

Tubbulxnck. Laminar flow, in which sheets of fluid move in an 
orderly manner is, as has already been stated, not known to occm in the 
ocean. The ocean currents are, instead, characterized by numerous 
eddies of different dimensions by which annall flxiid masses are constantly 
carried into regicms of different velocity. It is this completely irregular 
type of motion which is called turbulent flow, and the process by which a 
rapid exchange of fluid masses is maintained is called turbulence. 

The very character of turbulent flow is such that rapid fluctuations 
of velocity take place in all localities, and no steady state of motion 
exists if attention is paid to the individual particles of the fluid. It 
might therefore appear hopeless to arrive at a theory that takes full 
account of the complicated character of the actual motion, but the 
problem has, nevertheless, been attacked with considerable success by 
using statistical methods. The velocity at any given point in space 
can always be considered as the vector sum of two different velocities: 
f>, which represents the average velocity at that point during a long 
period of time, and v' which represents the added “turbulent” velocity. 
At auy jpven time the actual velocity components can therefore be 
written 


c, = + Cx, v'y, c. = 0, + (XIII, 45) 

After such a segregation is made, the whole pattern of flow can be 
considered as composed of two systems, one representing the average 
flow, which may be steady or accelerated, according to the acting forces, 
and one representing the irregular turbulent motion, which is super- 
imposed upon the average flow whose nature is not known at any 
given time. The former system, the average flow, is of interest when 
dealing with the ocean currents, but knowledge of the superimposed 
turbulent flow is necessary for studying the extent to which the turbulent 
flow modifies the apparent viscosity. 

Frictional Stresses Dcte to Turbulent Motion. It is not 
possible here to present the complete development of the frictional terms. 
Interested readers are referred to general textbooks on hydrodynamics 
or fluid mechanics (for example, Lamb, 1932, Rouse, 1938), but a few 
important points must be brought out here Owing to the very char- 
acter of the turbulent motion, small fluid masses are carried back and 
forth across any given surface, and a mass coming from a region high 
velocity has, when entering a region of low velocity, a momentum which 
is greater than that of the surrounding particles. If this fluid mass 
assumes approximately the velocity of the surroundings, it loses momen- 
tum, and, similarly, a small fluid mass that comes from a region of low 
velocity into one of high velocity gains momentum. Thus, where a 
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velocity gradient is found, the turbulent motion leads to transport of 
momentum across surfaces normal to the gradient. Because of this 
exchange tiie fluid in a repon of h^h velocity \vill be retarded, and the 
fluid in a region of low velocity will be accelerated; that is, a shearing 
stress is exerted on a surface across which transport of momentum takes 
place, and it can be shown that this stress is equal to the rate of momen> 
turn transport across the surface. A friction^ force per unit voliune is 
2 present if the transport of momen- 

tum into a given volume differs 
from the transport out of the vol- 
ume. 

Beynolds first derived expres- 
sions for the stresses due to mo- 
mentum transport, and since then 
the theory of turbulence has been 
further developed, notably by L. 
Prandtl, G. I. Taylor, and Th. v. 
Kdrm&n. The method of attack 
which so far has found the greatest 
application to oceanographic prob- 
lems is based on Prandtl’s introduction of the mixing length. Consider 
that the average flow is in the direction of the x axis and that Vy = 0, 
5. * 0. Then 



Fig. )19. 


Change of momentum on the 
vertical distance h. 


V, + r', 

Assume that the average velocity varies only in the direction of the 
z axis and is constant in the direction of the x axis. Assume, furthermore, 
that small water masses move on an average the vertical distance 
At the point where they give off their momentum, the momentum of the 
mean motion is, however (fig. 119), 




d(pvz) 

dz 


The momentum which is given off must be proportional to the difference 
^ltd{p^t)/dz between the average original momentum of the small fluid 
masses p^g, and the average momentum at the locality where exchange 
takes place. The momentum given off per unit time must be propor- 
tional to the average numerical value of the vertical velocity of the small 
fluid masses, which is Therefore, the rate of momentum transport, 
if, will be 


where A is a factor of proportionality. This factor can be absorbed in 
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l„ meaning that I, can be defined auch that A; « 1. Neglecting variations 
of density and writing 

= 4., (XIII, 46) 

one obtains the rate of momentum transport: 

M ^ -aA (XIII, 47) 

(IZ 

where the minus sign indicates that the transport takes place toward 
re^ons of lower velocity. This rate of momentum transport has the 
dimensions of a stress, ML-^T *, and is, after reversing the sign, identical 
with the stress r, which, owing to the turbulent exchange of mass, is 
exerted on a umt surface in the xy plane. 

Prandtl’s theory also leads to another definition of ^1,: 

A. = pl\^, (XIII, 48) 

and according to von K4rm4n’s statistical theory, 

where fco is a nondimensional factor of proportionality which has the 
chai after of a universal constant and has been found to be equal to 
nearly 0 1. 

The above considerations lead to the result that 

= (XIII, 50) 

The notation t„ means that the stress acts in the direction of the x axis 
and along a surface that is normal to the z axis. 

Equation (XIII, 50) is similar to the equation r = lidv/dn (p. 69). 
The coefficient A, has the same dimensions as the dynamic viscosity ju 
and is called the eddy vtacostty. However, a fundamental difference 
exists between the two quantities. The dynamic viscosity is independent 
of the state of motion and is a characteristic property of the fluid, com- 
parable to the elasticity of a solid body, but the eddy viscosity depends 
upon the state of motion and is not a characteristic physical property 
of the fluid. The numerical value of the eddy viscosity varies within 
very wide limits according to the type of motion, and, as far as ocean 
currents are concerned, only the order of magnitude of A, has been 
ascertained. 

It should be observed that the eddy viscosity can be introduced 
without paying any attention to the mixing length or any otiier statistical 
quantity that describes the character of the turbulence. Because in a 
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state of luninar flow r => iidvidz, by analogy in the case of turbulent 
flow one may write r = Adibfdt, where P stands for the mean motion 
and where A evidently must depend upon the character of the turbulence. 

This notation was used by Ekman 
(1905) in his classical discussion of 
wind currents, in which the eddy 
viscosity was first introduced ana- 
lytically under the name “virtual 
viscosity ” when dealing with oceano- 
graphic problems. . 

For the sake of completeness, 
it may be added that the expres- 
sion for the stress should also con- 
tain the term iidijdz, but this can 
always be neglected, because m is 
very small compared to A . Ocean- 
ographic data give values of A 
ranging between 1 and 1000 g/cm/sec, whereas fi is about 0.016 (table 
16, p. 69). 

The discussion of the shearing stresses due to turbulent exchange of 
momentum can now be extended by dropping the assumption that the 
motion takes place in the direction of the x axis only, because the reason- 
ing is equally correct if the average velocity has a component in the 
direction of the y axis. The stress in the direction of the y axis on a 
surface normal to the z axis, ry„ is 

Tv. = (XIII, 61) 



Fig. 120. Shearing stresses acting on 
three sides of a cube. 


Dropping the assumption that fi, = 0 and that the average velocity 
does not vary in a horizontal direction leads to the introduction of four 
new shearing stresses (fig. 120) : 


_ j . dv. 


(XIII, 52) 


Here the coefiBicients of eddy viscosity may be defined as before: 

Ay * Ay = p1»;|1,; (XIII, 53) 

partial differentials are used because it is no longer assumed that the 
velocity varies only in the direction of the z axis. 

Fbictional Forces Dub to TvbbuiiENt Motion. The frictional 
force acting in the direction of the x axis is derived from the stresses 
r„ and (fig. 120): 
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Similarly, 



drat 

&y‘ 


Ru 


I 

dt dx’ 


D I ^wr 


(XIII, 54) 


In order to arrive at frictional terms that are of importance when 
dealing with ocean currents, it will be assumed that (1) only the shearing 
stresses that have been discussed here are important, (2) the vertical 
velocity is so small that the gradients of the vertical velocity are negli- 
gible, and (3) the horizontal mixing length and the average horizontal 
turbulent velocities are independent of the direction of motion; that is, 
Ax == Ay = Ak. Writing simply Vx instead of Vx, and so on, one obtains 
the frictional terms in the form 




The above derivation is not an exact one, and therefore the equations 
that define the frictional forces in the ocean represent only approximations 
that appear satisfactory at the present stage of knowledge of ocean cur- 
rents. When it becomes desirable to improve these expressions, it will 
be necessary to consult the treatment of the problem of fltud friction 
which is given in the textbooks on hydrodynamics or fluid mechanics 
listed at the end of this chapter. 

In applying the expressions for the frictional forces, a further sim- 
plification is generally be introduced — namely, that the horizontal 
frictional forces can be disregarded. The concept of horizontal tui^ 
bulence, however, has been introduced because horizontal or quasi- 
horizontal turbulence appears to play an important part in large-scale 
processes of diffusion, although the dynamic significance is not yet clear. 

If horizontal turbulence is neglected, the consideration of transport 
of momentum leads to the frictional terms 

G. I. Taylor (1932) has introduced the assumption that, instead, the 
transport of vorticity should be considered. This assumption lea^ to 
the terms 
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although A may be variable. The theory based on momentum transport 
appears, however, to give better agreement with observed conditions and 
will be used here. 

Influbkce oi* Stabiuty on TuBBTiiiENCB. No theory has been 
developed for the state of turbulence which at indilBFerent equilibrium or 
at stable stratification characterizes a given pattern of flow, except in 
the immediate vicinity of a solid boundary surface (p. 480), but it has 
been demonstrated that the turbulence as expressed by the eddy viscosity 
decreases with increasing stability. Thus, Fjeldstad (1936) found that 
he could obtain satisfactory agreement between observed and computed 
tidal currents in shallow water by assuming that the eddy viscosity was 
a function not only of the distance from the bottom but of the stability 
as well. He introduced A — /(*)/(! + aE), where E is the stability 
and where the factor a is determined empirically. 

The relation between eddy viscosity and eddy diifiision has been 
examined by Taylor (1931). Taylor’s reasoning is based on the fact that, 
in the presence of turbulence, the kinetic energy of the system can be 
considered as composed of two parts: the kinetic energy of the mean 
motion, and the kinetic energy of the superimposed turbulent motiofi. 
In homogeneous water the latter is being dissipated by viscosity only, 
wherefore, if the turbulence remains constant, turbulent energy must 
enter a unit volume at the same rate at which it is dissipated. Where 
stable stratification is found (p. 92), part of the turbulent energy is 
also used for increasing the gravitational potential energy of the system. 
In this case the rate at which turbulent energy enters a unit volume, T, 
must equal the sum of the rate at which the potential energy increases, 
P, and the rate at which energy is dissipated by viscosity, D. It follows 
that, if the turbulence remains unaltered, one must have T > P. 

Taylor shows that the rate at which turbulent energy enters a unit 


volume eqtials 



where A, means the eddy viscosity, and that 


the rate at which the potential energy increases equals gEA„ where E 


is the stability (p. 416) and A, is the eddy diffusivity. It follows that 



(XIII, 57) 


is a condition which must be fulfilled if the turbulence shall not be 
destroyed by viscosity and die off. 

Taylor tested the correctness of this conclusion by measurements 
made by Jacobsen (1913) in Danish waters, where Jacobsen found values 
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of A, between 1.9 and 3.8 g/cm/sec. Hius, the eddy viscomty was 
about one hundred to two hundred times greater than the ordinary 
viscosity of sea water (table 16, p. 69), indicatiing tiiat turbulence 
prevailed although the stability reached values as high as 1600 X 10~* m~* 
(table 62, p. 417). The eddy diffusivity ranged, however, between 0.05 
and 0.6 g/cm/sec, and the ratio AJA^ varied from 0.02 to 0.20, but was 
in all instances smaller than the ratio {do/d£)'/gE, as required by the 
theory. 

According to Taylor’s theory, turbulence can always be present, 
regardless of how great the stability is, but the type of turbulence must 
be such that the condition (XIII, 57) is fulfilled; that is, the rate at 
which the Reynolds stresses communicate energy to a region must be 
greater than the rate at which the potential energy of that region increases. 
It explains why observations in the ocean mostly give smaller values of 
A, than of A,. A velocity gradient of 0.1 m/sec on 100 m is common 
where the stability is about 10~* m~*, and with these values one obtains 
A, < 0.1 A,. Within layers of very great stability the velocity gradient 
is generally also great, but the value of A, becomes even smaller than 
m the above example. Thus, below the Equatorial Countercurrent in 
the Atlantic the decrease of velocity in a vertical direction is O-IO"* soc~*, 
and the stability is about 5 10~‘ m"^ (Montgomery, 1939). With these 
values,, one obtains A, < 7.10~*A„ or if the eddy viscosity were equal 
to 10 g/cm/sec, the eddy diffusivity would be less than 0.7. 

Thus the effect of stability on turbulence is twofold. In the first 
place, the turbulence is reduced, leading to smaller values of the eddy 
viscosity, and, in the second place, the type of the turbulence is altered 
in such a manner that the accompanying eddy diffusivity becomes 
smaller than the eddy viscosity. The latter change is explained by 
Jacobsen (1930) by assuming that elements in turbulent motion give 
off their momentum rapidly to their surroundings, but that other proper* 
ties are exchanged slowly, and that before equalization has taken place 
the elements are moved to new surroundings by gravitational forces 
(p. 92). A possible influence of stability on lateral turbulence has not 
been examined, but it has been suggested by Parr (1936) that this kind 
of turbulence increases with increasing stability. 

Horizontal Tubbclbnce. The horizontal turbulence needs some 
further explanation because of the effect of *he earth’s rotation. Let 
it be assumed that the field of pressure is such that the deflecting force 
associated with the mean motion is balanced by the pressure gradient: 



478 


DYNAMICS OF OCEAN CURRENTS 


It follows then from equations (XIII, 46) and (XIII, 2) that the turbulent 
horisontal velocities must be determined by ^e equations 

2u sin ^ v', 

— 2b> sin ^ v', 

if terms representing friction are omitted. The last equations represent 
the equation of motion in the circle of inertia (Xlll^ 3), and on these 
assumptions the horisontal turbulent motion would ''represent motion 
in inertia circles. However, Ekman (1939) has pointed out that, if 
such were the case, the curved paths taken by the water masses would 
lead to the development of stresses that would tend to set the entire body 
of water in rotation. No evidence exists for such an effect, and the 
obvious conclusion is therefore that the turbulent motion must be 
reflected in the distribution of pressure. The total pressure gradient 
must nearly balance both the deflecting force associated with the mean 
motion and the deflecting force associated with the turbulent motion. 
Writing p p + p', one finds that the above equations must take the 
form 

0 = 2w sin ^ Sy — a 0 2w sin ^ c' — a ^ 

0 = -2a>sin v)®, - a^. 0 ~ -2w sin - a -/• (XIII, 58) 

ay ay 

Here —dpidx and —dp/dy represent the mean pressure gradients, 
and —ap'fdx and —dp'lOy represent local pressure gradients associated 
with the turbulent motion. 

Thus, superimposed upon the average field of pressure must 1x5 an 
irregular field. If the pressure distribution could be represented by 
means of the absolute geopotential topographies of isobaric surfaces 
(p. 413), these would show, besides certain major features that would 
characterize the mean motion also a number of small “lows” and 
“highs,” troughs and ridges, which would represent the superimposed 
irregular pressure field. Detailed surveys during which the oceano- 
graphic stations have been spaced at intervals of 20 km or less have 
revealed that the rdative distribution of pressure shows numerous 
irregularities of such nature. This fact strongly supports the conclusion 
that the horizontal motion associated with the pressure distribution is 
far from being uniform, but is characterized by numerous eddies that 
may have dimensions up to 20 km or more. 

BoxmDART Friction. In oceanography the problem of frictional 
stresses at boundary surfaces can be dealt with in the same manner as the 
similar problem in fluid mechanics. Over mi absolutely smooth surface 


dt 

dt 
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the flow will generally be laminar within a very thin layer near the 
surface — the laminar boundary layer. Above the laminar boundary 
layer, the thiokuesa of which is a small fraction of a centimeter, turbiilent 
motion exists within which the mixing length increases lineaiiy with 
increasing distance from the surface; that is, 1 » ibos, where, according to 
von EArmAn, ko = 0.4. Furthermore, it is assiimed that near the 
boundary siuface the stress is practically independent of the distance 
from the surface. On these assumptions, von K4rm4n showed tiiat the 
relation between the velocity distribution in the turbulent region and 
the stress can be written in the form 


-^ = 5.5 + 5.75 log ^ ^1^- (XIII, 59) 


Applied to conditions in the ocean the equation means that, if a laminar 
boundary layer existed, the stress in the lowest layers, which must equal 
the stress against the bottom, could be derived from a single measure- 
ment of the velocity v at a short distance from the bottom. Measure- 
ments at two or more levels would have to render the same value of the 
stress, and the observed velocities would have to be a linear function of 
the logarithm of the distance g. 

Over a rough surface, different conditions are encountered. Prandtl 
assumes that over such a surface the turbulent motion extends to the 
very surface, meaning that the mixing length has a definite value at the 
surface itself : 

I = ko(g + go), (XIII, 60) 

where go is called the roughness length and is related to the average height 
of the roughness elements. Equation (XIII, 48) gives 

r = A ^ = pklig + go)» (XIII, 61) 

or 

dv /r 

dz ^ koiz + Zo)\P 

and 

A — pkoiz + Zo) (XIII, 62) 


Through integration, assuming v = 0 at 2 ? =» 0, one obtains 


V 



2 ! + 

I 



^0 


(XIII, 63) 
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With fi l,kt 0.4, and, introducing base-10 logarithms, one obtains 


5.7SV^lo*(l^), 


0.0302 




(XIII, 64) 


Measurements of the velocity at two distances are needed in order 
to determine both r and Zo, and measurements at three or more levels 
are necessary in order to test the validity of the equS'tion. So far, few 
measurements have been made so close to the bottoih that they can be 
used for testing the application of these results to oceanographic condi- 
tions, but one example can be given. On November IS, 1937, Revelle 
and Fleming (unpublished data) measured tidal currents off the entrance 
to San Diego Harbor at 126, 51, and 21 cm above the bottom. Table 63 
contains the average velocities and the stress at the bottom, if the 
bottom is assumed to be smooth or rough. Agreement is obtained only 
if the bottom is considered rough. The roughness length is found to 
be about 2.0 cm, and with this value the observations consistently give 
the same stress at the bottom. These observations indicate therefore 
that the above formulae, with von K4rm4n’s constant, ko = 0.4, are 
applicable to the currents directly above the sea bottom. In this ce^e 
the value of the eddy viscosity would be 4 = 0.93(2 + ao); that is, 
at a distance of 1 m above the bottom the eddy viscosity would be 
96 g/cm/sec. 

Table 6^ 

OBSERVED VELOCITIES NEAR THE BOTTOM OFF SAN DIEGO BAY ON 
NOVEMBER 15, 1937, AND COMPUTED FRICTIONAL STRESSES 


Distance from bottom, cm 126 51 21 

Average velocity, cm/eec 26.3 21.6 15.6 

Computed frictional I Smooth bottom 0.87 0.71 0.46 

streaa, g/cm/eec* ) Rough bottom, zo » 2.0 cm 5.8 6.2 6.0 


The above results apply to a ffuid in a state of indifferent equilibrium. 
Certain modifications must be introduced if the stratification is stable 
or unstable, but the character of these modifications is not fully under- 
stood. It can be stated only that under stable conditions the velocity 
profile at some distance from the surface can no longer be represented by a 
logarithmic law, but is better represented by a power law of the type 
* (*iA»)". However, very near the surface, the logarithmic 
law appears to be valid (Sverdrup, 1939b). 

At the sea surface, different ^undary conditions have to be oon- 
sideired. In the first place, it should be observed that the currents of the 
sea are always much slower than the air currents, the winds. Therefore 
the velocity of the air relative to that of the water can always be con- 
sidered, with suMcient acctraey, equal to the velocity of the wind. 
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At the sea surface the stress that the wind exerts on the water, r., 
must balance the stress that the water exerts on the air: 

This equation implies that both Ao and (dt)/dz)o must differ from zero. 
Thus the eddy viscosity must have a definite value at the surface, meaning 
that the mixing length must have a definite value and that the siuface 
cannot remain smooth, because a smooth surface would mean no miring 
length there. A free surface can, however, be rough, but it is difficult to 
perceive that the miring length can be great near the surface. Rossby 
and Montgomery (1935) introduced therefore an upper boundary layer 
within which the mixing length increased rapidly with increasing distance 
from the free surface, but it must be admitted that nothing definite is 
known as to the character of the turbulence at the free surface. 

When a current flows parallel to a coast, a lateral stress is exerted, 
and one may expect a horizontal velocity profile to develop which shows 
some rimUarity to the vertical profile near the bottom. The velocity 
profile must be related to the horizontal eddy viscosity and to the lateral 
stress, but this relation has not yet been examined. 

Numerical Values of the Vertical and Lateral Eddt Viscositt 
AND Eddt Dipfusivitt. For the determination of the eddy viscosity, 
A,, in the ocean, it is necessary to know the frictional forces and the 
velocity gradients. The frictional forces cannot be determined directly, 
but may be obtained as the difference between other acting forces. 
The velocity gradients, however, can be obtained from directly observed 
currents. When dealing with wind currents, theories based on certain 
assumptions as to the character of the eddy viscosity are helpful (p. 492), 
and for considering currents close to the bottom, results from fluid 
mechanics make possible conclusions as to the eddy viscosity from current 
measurements only (p. 480) . The uncertainties of tiie correct application 
of theories, the difficulties in making current, measurements in the open 
ocean, and the even greater difficulties in determining the acting forces, 
all introduce great uncertainties in the numerical values of the eddy 
viscosity which have so far been determined. 

Table 64 contains results of such determinations. The spedfic 
methods used cannot be discussed here, but some of them wUl be men> 
tioned later on. All values are from regions of moderate or strong 
currents that have been measured with considerable accuracy, or they 
have been derived from the effect of wind currents on the surface layer. 
The values range from nearly zero up to 7500 g/cm/sec, but some con- 
ristency in the variations can be seen. At the very bottom, small 
values are always found f at greater distances from the bottom, great 
values are associated with strong currents and small stal^ty or with 
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strong currents and great stability. On the North Siberian Shelf the 
eddy viscosity c^proached a small value in a thin layer of very 
great stability vrithin which the tidal currents reached their maximum 
values. 

By computations that are based on equation (V, *>), p. 159, in a 
simpUhed form, the eddy diffusivity. A., can be derived from obMrved 
time and space variations of temperature, salinity, oxygen content, or 
other properties. In some cases the currents need not be known, but 
in other cases only the ratio A,/v can be determined, where v is the 
velocity of the currents (p. 159). If this velocity can be estimated, 
an approximate value of A, can be found. Temperature, saUnity, and 
oxygen content can be measured much more easily and with greater 
accuracy than currents, and data for studying the eddy diffusion are 
therefore more readily obtained. As a consequence, many more deter- 
minations of eddy diffusivity have been made, and the results show 
greater consistency. 

Table 65 contains a summary of values derived from observations in 
different oceans and at different depths between the surface and the 
bottom. The values range from 0.02 up to 320 g/cm/sec, but by far 
the greater number of values he between 3 and 90. The range is therefore 
smaller than the apparent range of the eddy viscosity. The highest 
value, 320 g/cm/sec, was found in a homogeneous surface layer, within 
which one can expect the eddy diffusivity to equal the eddy visconty. 
This value is the only one which is as great, probably, as the corresponding 
eddy viscosity; otherwise, the eddy diffusivity is smaller, in agreement 
with the fact that generally stable stratification is encountered. From 
the remarks in the table, it is evident that the eddy diffusivity increases 
with increasing velocity of the currents and decreases with increaang 
stability, in agreement with the preceding considerations. 

The results of a few determinations of lateral eddy coefficients are 
given in table 66. The values of the coefficients have been derived by 
bold assumptions and can be considered as indicating only the order of 
magnitude. The fact that this order of magnitude depends upon the 
size of the area from which observations are available probably explains 
why the value from the California Current is much smaller than the values 
from the Atlantic Ocean, where conditions within much larger re^ons 
have been considered. The latter values, which have been obtmned 
partly from observations at or near the surface and partly from observa- 
tions at great depth, agree remarkably well. No relation appears 
between the average velocity of the currents and the eddy coefficients 
or between the stability and the coeffidents. Similarly, from the 
meager evidence, the eddy viscosity and eddy diffunvity appear to be 
equal. Therefore, the processes of lateral turbulence seem to be entirely 
different from those of vertical turbulence, but it should be borne in 
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mind that the study of lateral turbulence in the ocean is at its very 
beginning. 

Thb Emebot Equation When Friction Ib Taebn into Con- 
siOERATiON. Because explicit terms for the components of the frictional 
forces have been introduced, the total power of the frictional forces can 
be computed. Disregarding the effect of horizontal turbulence, the 
power of the frictional forces per unit volume is 

S (^ ^) + *’•' S i)' 

where A has been written instead of A,. Now 


Therefore 


d / . dtf,\ d / . dv\ d(Av^ dv» 

Ti) - ST *■ 


r '• 5 (-* t') * “ t). - % - r 5 * 


= t'OxT. 


- r 

ax I 

Jo 


dCAVa) dVx J 

dz dz 


(XIII, 66) 


because at the bottom the velocity is assumed to be zero and becayge 
at the surface the stress balances the stress exerted by the wind (equation 
(XIII, 65), p. 481). 

The integral on the right-hand side represents the loss per unit time 
and unit surface area of kinetic energy due to the vertical turbulence 
(the dissipation). If A were constant, the integral would be reduced to 



(XIII, 67) 


which is the form obtained from the general dissipation function (Lamb, 
1932, p. 579) on the assumptions that have been made concerning the 
character of the motion. The latter integral is always positive, and the 
corresponding integral on the nght-hand side of (XIII, 66) is also always 
positive, because the two factors under the integral sign will nearly 
always have the same sign. 

The first term on the right-hand side, voTo, represents the power per 
unit area {ML*T~ * X L“*) which is exerted by the stress of the wind. 

The energy equation can now be written in the form 



^ p»*dz « Vo «T«., 


+ y — 



r/d(Av,)dvx , d(Avy)dVy\^ 
Jo \ dz dz dz di)^' 


(XIII, 68) 
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meaning that the time changes of the kinetic eneigy of a water ccdumn 
of unit area cross section reaching from the surface to the bottom equals 
the power of the stress of the wind on the surface, minus the total work 
per unit time due to motion across the isobars, minus the dissipa&on of 
energy. 

Some general conclusions can be drawn from this equation. In 
the first place, it is seen that the change of the kinetic energy may be 
positive or negative; that is, the energy transmitted to the water from 
the atmosphere may be greater or smaller than the loss due to motion 
across isobars and dissipation. Furthermore, if the kinetic energy 
remains unaltered and the stress of the wind is zero, energy must be 
gained by motion across the isobars; that is, the average motion must 
be from high to low pressure, because the dissipation is always positive. 
On the other hand, if the first integral vanishes, the dissipation equals 
the power of the stress of the wind. The first integral can disappear, 
either because the term {dp/dx)vz + (dp/dy)vy is zero at all depths, or 
because the term is negative at some depths and positive at others. 
In the former case the motion is parallel to the isobars. Furthermore, 
if stationary conditions are assumed, the isobars at one level must be 
parallel to the isobars at another level (p. 455). If the horizontal x 
axis is placed in the direction of the pressure gradient, the equations of 
motion are reduced to 



The latter equation can be integrated directly, giving 

A-j'' = r=- , — constant. 
az 

Thus, the assumed conditions can exist only if the stress remains con- 
stant, but this condition is not fulfilled when dealing with the ocean 
currents. It is probable that A decreases with depth, meaning that 
dv/dz would have to increase with depth, but such an increase is contrary 
to experience. The assumption of stationary conditions therefore 
is not fulfilled if a stress is exerted on the surface. On the other 
hand, the term under discussion may disappear, because it is n^ative 
at some depths and positive at others. T^ situation, however, would 
mean that motion must take place across the isobars, which is incom- 
patible with stationary conditions. The conclusion is that stationary 
conditions cannot exist in the ocean if a wind blows, but this conclusion 
has been arrived at because the thermodynamic terms have been omitted. 
The conMderations must be based on the energy equation, which is 
obtuned by combining the dynamic with the thermodyiramic (p. 441). 
For a closed 83 rstem in a stationary state, one obtains 
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dW 

dl 


+ v,,,u^)dF - ^ + 


rf(ilPir) <fo» \ 

42 dzj 

(XIII, 69) 


Here W is the energy added to the ^tem, F is the surface of the system, 
and V is its volume. The first integral on the right-hand dde represents 
the power of the wind, and the second represents the total dissipation. 

The energy equations have so far received but little attention in 
oceanographic work, and further theoretical considerations and applica- 
tions to specific problems appear durable. 

Other conclusions as to the effect of the stress of the wind can be 
based directiy upon an integration of the equations of motion. Consider 
a dosed space in which stationary conditions exist, and assume that the 
motion is nowhere accelerated. In such a system the transport through 
any cross section must be zero. Therefore, if the positive x axis is placed 
in the direction of the wind, one obtains, by multiplying the equations 
of motion by dxdydz and integrating over the entire volume. 


-9 

9 


J^pt^F = 0, 


TodF , 


(XIII, 70) 


where t* and iy are the slopes of the isobaric surfaces. Thus, under 
assumed conditions, the component of gravity acting horizontally on the 
body of water balances the stress exer^d by the wind on the surface. 
If the dosed space is rectangular in form, if i, and are constant, and 
if the water is homogeneous, one obtains 

r. = -gpid, (XIII, 71) 

where d is the depth to the bottom. The negative sign enters because 
the 2 axis is positive downward. 

The formula is vdid only if the depth to the bottom is so great that 
the vdodty gradient at the bottom is zero, because only on this assump- 
tion does the stress at the bottom vanish. If this condition is not ful- 
filled, one obtains 

fa fd — — J/rt’d, (XIII, 72) 

where is the stress at the bottom. 

In nonbomogeneous water, one can write 


♦ = »,•+• i„ 


where t„ is the slope of the isobaric surfaces due to distribution of 
mass and i, is the added slope due to piled-up mass. Introdudng 
geopotential dopes (p. 440), one obtains 
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AS? 

T. + t 4 - - 10 ^ d* - pgiA. (XIII, 78) 

Consider next a channel of variable cross section with tbe axis in the 
direction of the x axis. The inflow and the outflow will be in the 
direction of the channel; therefore, 

= 0. 

It follows that 

-g pidV - rJF, 

as before. Thus, equation (XIII, 70) is valid also for flow through a 
channel. Other relations can be derived, but they have not found 
application to observed conditions. 

All of the above equations become modified if horizontal stresses 
and frictional forces related to such stresses are considered, but so far 
these modifications have not been examined. Rossby (1936a), however, 
has pointed out that the stress of the wind exerts an anticyclonic torque 
on the surface of the different oceans and that lateral stresses must 
provide the balancing cyclonic torque, because the bottom stresses are 
probably negligible Studies by Montgomery and Palmen (1940) sup- 
port this conclusion, but the problem deserves further attention. 

Wind Currents 

The Stress of the Wind. From laboratory results dealing with 
flow over smooth and rough surfaces, one may expect that the stress 
can be expressed by means of eq'iation (XIII, 59), which gives the 
stress over a smooth surface, or equation (XIII, 63), which gives the stress 
over a rough surface. The density, p, which enters in the formulae is 
then the density of the air In order to detennine whether the sea surface 
can be considered smooth or rough and, if it is rough, to determine the 
value of the roughness length, Zo, timultaneous measurements of mnd 
velocities must be made at three or more levels above the sea surface. 
From such measurements conducted by Wust (1920), Rossby and Mont- 
gomery (1935) concluded that at moderate wind velocities the sea surface 
has the character of a rough surface with roughness length 0.6 cm. From 
a general theory of the wind profile in the lower part of the atmosphere, 
Rossby (1936b) later developed formulae that permit computation of zo 
from the an^e between the surface wind and the gradient wind (corre- 
sponding to no friction) or from the ratio between surface-wind velocity 
and gradient-wind velocity. When applying these formulae to observed 
values from the ocean, Rossby found that at moderate and strong winds 
the roug^ess length is independent of the wind vdodty and equal to 
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0.6 cm. With this value of st and with ho 0.4, one obtains from 
fonnula (XIII, 63) 

T. - 2.6 10-VI^u, (XIII, 74) 

where p' is the density of the ur and Wu is the wind velocity 15 m above 
the sea surface. 

A amilar expression vraa derived by Ekman as early as 1905 through 
study of the slope of the sea surface during a storm in the Baltic in 1872. 
A. Golding had found that the lines of equal water level were directed 
nestrly perpendicular to the direction of the wind. The sea-level values 
were obtained from records at stations on the coast, and thus represent 
the values of the physical sea level. The relation between wind velocity, 
W, depth, d, smd slope, t, could be expressed by the equation 

id = 4.8 X 10-»F*, 

where all quantities axe expressed in c g.s. units but where the numerical 
factor is not nondimensional. Ekman (1905) entered this expression in 
equation (XIII, 72), putting gp — 1000. In this case, i could be put 
equal to i., because, in the shallow Baltic, the first term is insignificant. 
Ekman shows that, on certain assumptions, ra, the stress exerted against 
the bottom, must lie between 0 and ^r,. 

In the case examined by Golding, Ekman assumes that r, -f 
= uod obtains, therefore, 

T. = 3.2 io-*Tr*. 

Introducing the density of the air, p' = 1.25 X 10~*, one obtains 

r. = 2.6 io-vir», 

where the numerical constant is nondimensional. The equation is 
probably applicable to wind velocities of about 20 m/sec at an altitude 
of 15 m above the sea surface. 

Palm4n and Laurila (1938) have made a similar study of the effect 
of the wind on the sea level in the Gulf of Bothnia during a storm in 
October, 1936, and obtiuned 

td = 3.15 X 10-»ir*. 

The formula is valid between wind velocities of 10 m/sec and 26 m/sec at 
an altitude of about 10 m above the sea surface. The average depth was 
taken as 50 m, but this value is somewhat uncertain. They assume 
Ta 0 and obtain, with p' = 1.3 X 10~*, 

T. » 2.4 X lo-yiT*. 

These results, although uncertain, confirm the conclusion that at 
moderate and strong winds tihe stress of the wind is proportional to 
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the square of the wind vdocity, the factor of proportionality being 
about 2.6 X 10~V> If equation (XIII, 74) is considered valid, the 
implication is that at moderate and strong wind the roughness length is 
independent of the wind velocity. This conclusion appears surprising, in 
view of the fact that the height of the waves increases with increasing 
wind velocity, but it must be borne in mind that the waves travel with 
the wind. The above conclusion, therefore, implies that the speed at 
which the waves travel stands in such a relation to the wind velocity 
that the effective roughness of the sea surface remains constant. 

At low wind velocities, somewhat different conditions appear to 
prevail. From a study of simultaneous wind measurements at different 
heists above the sea, Rossby (1936b) concludes that at low wind veloci- 
ties the sea surface has the character of a smooth surface, because the 
wind profiles indicate the existence of a laminar sublayer. At low vdnd 
velocities the stress should therefore be computed from equation (XIII, 
59), which gives values that are about one third of those obtained on the 
assumption that the surface is rough. 

Table 67 shows the values of the stress corresponding to a smooth 
surface or a rough surface characterized by Zo = 0.6 cm. 

Tabis 67 

STRESS OF THE WIND (G/CM/8EC») (X>RRE8PONDING TO STATED 
WIND VELOCITIES (IN M/SEC) AT A HEIGHT OF 15 M AND ASSUM- 
ING THE SURFACE TO BE SMOOTH OR ROUGH (ROUGHNESS 
LENGTH, 0.6 CM) 


Surface 

Wind velocity in m/sec at 15 m 

2 

4 

6 

8 

10 

12 

14 

16 

18 

'^Smooth"... 

^‘Rough 

0.04 

(0.11) 

0.16 

(0.45) 


(0.58) 

1.81 







It is evident that, if the sea surface can be considered smooth at 
wind velocities below 6 to 7 m/sec, the stress of wind velocities below 
this limit is of little significance, but the above conclusions need to be 
confirmed by means of many more data. The problem of the stress of 
the wind still deserves great attention, and it is particularly desirable 
to obtun more measurements of wind profiled, because results in fluid 
mechanics can be successfully applied in the study of such profiles. 

The theoretical equations for the relations between stress and wind 
vdocity ate vaUd only if the stability of the air is nearly indifferent. 
Under stable or unstable conditions the wind profiles will be different, 
and the relationships between wind velocity and stress will be altered 
(Sverdrup, 1939b). A study of wind profiles at different stabilities of the 
air is therefore of great interest. 
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Wind Ctjkmnts in HoiiooBNEotiB Watbb. In 1902, V. Walfrid 
Ekman published his classical paper on vnnd currents in which, for the 
first time, the effect both of the deflecting force of the earth’s rotation 
and of the eddy viscosity was taken into account. Ekman undertook 
the mathematical analysis at the suggestion of Fridtjof Nansen, who, 
during the drift of the From across the Polar Sea in 1893-1896, had 
observed that the ice drift deviated 20'’ to 40° to the right of the wind, 
and had attributed this deviation to the effect of the earth’s rotation. 
Nansen further reasoned that the direction of the m<|ktion of each water 
layer must deviate to the right of the direction of movement of the over- 
lying water layer in a similar manner, because it is swept on by this 
layer much like the ice, which covers the surface, is swept on by the wind. 
Therefore, at some depth the current would run in a direction opposite to 
that of the surface flow. These conclusions of Nansen’s were fully 
confirmed by the mathematical treatment. 

In homogeneous water the equations of motion of a steady state take 
the form 



= 0 , 


= 0 . 


(XIII, 75) 


To these equations must be added the equation of continuity and the 
boundary conditions. 

Assuming that the eddy viscosity is independent of depth, one can 
inf/egrate the equations directly. Writing 


one obtains 


, ;Z4 — z), 

ypwsm ip 

V, = cos 2 -1- -+• C*c cos Z ■+• Cj^, 

Vy ^ Cic®* sin 2 -I- ci^ — Cie sin z -f- c^, 


(XIII, 76) 


(XIII, 77) 


where Ci, Ci, Ci, and Cj are constants that must be determined by means 
of the boundary conditions. 

In this form the result is applicable to conditions in the Northern 
Hemisphere only, because in the Southern Hemisphere sin tp is negative, 
wherefore D is imaginary. In. order to obtain a solution that is valid 
in the Southern Hemisphere, the direction <rf the position of the y axis 
must be reversed. 

'The solution takes the simplest form if tiie depth to the bottom is 
so great that one .can assume no motion near tiie bottom, because then 
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Cl must be sero. Assuming, furthennore, timt the stress of the wind, r« 
is directed along the y axis, one has 


-A - r A - n 

^ \dz)o ~ •’ ^ \dz)i ~ 


and from these equations Cs and Ci can be determined. Calling the 
velocity at the surface sg, one obtains 


(XIII, 78) 


V, = VoC " cos 

1 

0 

r 

D 

r / 

— voe ^ sin j 


r 

D 


T« ITTa 

Vo = -7===== = 7 -^ -p.’ 

VpA2« sin ^ Dpu sin v v2 


Therefore, the wind current is directed 45° cum sole from the direction 


of the wind. The angle of de- 
flection increases regularly 
with depth, so that at the 
depth 2 = D the current is 
directed opposite to the sur- 
face current. The velocity 
decreases regularly with in- 
creasing depth, and at 2 = D 
is equal to tr* times the euiv 
face velocity, or one twenty- 
third of the value at the 
surface. By far the more 
important velocities . occur 
above the depth z = D, and 
Ekman has therefore called 
this depth "the depth cf fric- 
turned resistance.” It should 
be observed, however, that 
according to this solution the 
velocity of the wind current 
never becomes aero, but ap- 
proaches sero asymptotically 



Fig. 121. Schematic representation of a 
wind current in deep water, showing the de- 
crease in velocity and change of direction at 
regular intervsls of depth (the Ekman spiral). 
H' indicates direction of wind. 


and is practically sero bdow 2 *= D. 

A schematic representation of the pure wind current is given in fig. 
121. The broad" arrows represent the velocities at depths of equal 


intervals. Together they form a spiral staircase, the steps of which 
raindly decrease in width as they proceed downward. Projected on a 
horistmtal plane tiie end points of the vectors lie on a logarithmic spiral. 
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The average d^ection of the mnd current from the direction of 
the wind has bemi examined (Krflmmel, 1911) and found to be about 45** 
cum 6oie from the wind direction, independent of latitude, in agreement 
witib Ekman’s theory. 

The ratio between the velocity of the surface current and wind veloc- 
ity, which Thorade has called the wind factor, depends upon the stress of 
the wind and upon the value of the eddy viscosity — that is, upon D. 
The stress of the wind is proportional to the square of the wind velocity, 
T« =» 3.2 10“*TF* (p. 490), where the wind velocity, is measured in 
centimeters per second. Introducing this value into' (XIII, 78), one 


obtains 


^ 3.2 10-«Trir 
^ Dpu sin Ip \/2 


On the basis of observations by Mohn and Nansen, Ekman derived the 
empirical relation 

V _ 0.0127 


from which follows 


W \/sin ^ 
W 


D = 7.6 




im ^ 


(XIII, 79) 
(XIII, 80) 


a value that is in fair agreement with observed values of the upper 
homogeneous layer in the sea. This layer is interpreted as the layer 
which is stirred up by the wind. At wind velocities below 3 Beaufort 
(about 6 m/sec) the above formula, accorchng to Thorade (1914), should 
be replaced by 


3.67 \/F» 
Vain Ip 


(XIII, 81) 


The last two formulae give the depth of frictional resistance in meters 
for wind velocities in meters per second. When the wind velocity is 
below 4.3 m/sec, the latter formula pves smaller values of D than does 
Ekman’s formula, perhaps because the stress of the wind is relatively 
smaller at low wind velocities (p. 491). 

From equations (XIII, 76), (XIII, 80), and (XIII, 81), one obtains 
(see table 64) 

A = 1.02 W» (W < 6 m/sec), 

A = 4.3 W* (W > 6 m/sec). 

From these relations the following corresponding values are computed: 

Wind vdooity (m/sec) 2 4 6 8 10 16 20 

A (g/< 5 m/ 8 ec) 8 85 (218) 376 430 970 1720 

Rossby (1932) and Rossby and Montgommy (1935) have developed 
a new theory of the wind currents by introducing an eddy viscoaty that 
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depends uptm a mudng length wMeh is small near the surface, increases 
to a maximum at a short distance bdow the surface (p. 479), and then 
decreases linearly to aero at the lower boundary of the wind>eurreni 
layer. The variation with depth of the mixing length is assumed to be 
entirely determined by means of dimentionless numerical constants. 
The theory leads to a series of complicated expressions for the an^e 
between surface current and stress, for the wind factor, and for the depth 
of the wind current. These quantities all depend both on latitude and 
on wind velocity. Rossby and Montgomery give their final results in 
the form of tables, accord^g to which the deflection of the wind current 
in lat. 6** increases from 35° at a wind velocity of 5 m/sec to 43° at a 
wind of 20 m/sec, and in lat. 60° from 42° to 52.7°. In the same latitude 
the wind factors decrease from 0.0317 at a wind velocity of 5 m/sec to 
0.0266 at a velocity of 20 m/sec, and from 0.0273 to 0.0228, respectively. 

According to Ekman’s theory the angle should remain constant at 
45°, and the wind factor, according to the empirical results that he made 
use of, should be equal to 0.025 in lat. 15° and 0.0136 in lat. 60°. Rossby 
and Montgomery point out that the wind factor depends upon the depth 
at which the wind current is measured. Thtir theoretical values apply 
to the current at the very surface, but wind currents derived from sUps' 
logs will apply to a depth of 2 or 3 m, depeuding upon the draft of the 
vessel. At t^ depth, their theory gives a wind factor in better agree- 
ment with Ekman’s value, and they show that their theoretical conclu- 
sions are in fair agreement with empirical results. However, the 
introduction of an eddy viscosity that decreases to zero at a lower limit 
of the wind-stirred layer is justifiable only if no other currents are present. 
In the presence of other currents, such as tidal currents or currents 
related to distribution of mass, the eddy viscosity characteristic of the 
total motion must be introduced, and the variation of this eddy viscosity 
probably depends more upon the stability of the stratification than 
upon the geometric distance from the free surface. A theory of the wind 
currents must take this fact into account, but such a theory cannot be 
developed until more is known of the actual character of the turbulence. 
At present, Ekman’s classical theory appears to give a satisfactory 
approximation, especially because no observations are as yet available 
by means of which the results of a refined theory can be tested. 

So far, it has been assumed that the depth of the water is great com- 
pared to the depth of frictional resistance. Ekman has also examined 
the wind currents in shallow water and has determined the constants 
in equations (XIII, 77) by assuming that at the bottom the velocity is 
zero. This analysis leads to the result that in shallow water the deflection 
of the surface current is less than 45° and that the turning with depth is 
slower. In very shallow water the current flows nearly in the Erection 
of the stress at all depths. 
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The aesumption ol an eddy viscosity that is indep^dent of depth is 
not vafid, however, if the water is shallow, because the eddy viseonty 
must be very small near the bottom (p. 480), regardless of the character 
of the current. The effect of a decrease of the eddy viscosity toward 
the bottom is generally that the angle between wind and current becomes 
greater at all depths and that the current velocities become greater. 
This effect is illustrated by measurements of wind currents on the North 
Siberian Shelf in lat. 76“35' N, long. 138*24' E (Sverdrup, 1929), where 

the depth^to the bottom was 
22 m. Fmm these observa- 
tions, Fjeldstad (1929) found 
that the eddy viscosity could 
be represented by the formula 

where the distance z from the 
bottom is in meters. Figure 
122 shows the observed veloc- 
ities and the corresponding 
velocities computed wi^h 
Fjeldstad’s equations and with 
Ekman's equations, assuming 
a constant value of A equal to 
200 . 

The question of the time 
needed for establishing the 
assumed stationary condi- 
tions has also been examined 
by Ekman (1905), wKo has 
made use of a solution given by Fredholm for the case of a wind that 
suddenly bepns to blow with a velocity w’hich later remains constant. 
It is found that the motion will asymptotically approach a steady state. 
At each depth the end points of the velocity vectors, when represented 
as a function of time, will describe a spiral around the end point, of the 
final velocity vector, the period of oscillation being 12 pendulum hours, 
corresponding to the period of oscillation by inertia movement (p. 438). 
The emerctge velocity over 24 hours will be practically stationary from 
Ihe very beginning, but the oscillations around the mean motion may 
continue for several days and may appear as damped motion in the 
circle of inertia. 

Wind Cubbbnts in Water in Which the Density Increases 
WITH Depth. In the equations of motion which govern the wind 
current, the density enters explicitly, and it ini{^t therefore be expected 



Fig. 122. Wind current in shallow water 
assuming a constant eddy viscosity {dashed 
curve) or an eddy viscosity which decreases to- 
wards the bottom {JulUdrawn curve). Observed 
currents indicated by crosses. 
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that variations of density in a vertical direction would modify tlie results, 
but the variations of the dendty in the ocean are too snudl to be 
importance in this respect. Indirectly tire variations of density do 
greatly modify the wind current, however, by influendng the eddy vis> 
cosity of the water. 

The rate at which a wind current penetrates toward greater depths 
will also depend upon the change of density with depth. Where an 
upper, nearly homogeneous layer of considerable thickness has already 
been developed by cooling from above and resulting vertical convection, 
the wind current will, in a short time, reach its normal state. Where a 
light surface layer has been developed because of heating or, in coastal 




Fig. 123. Effect of wind in producing a homogeneous surfiuce 
layer demonstrated by showing progressive stages of mixing. 

areas, because of addition of fresh water, the wind current will first 
stir up the top layer and by mixing processes create a homogeneous top 
layer. When this layer is formed, the stability will be great at its lower 
boundary; there the eddy viscosity will be small and a further increase 
of the thickness of the homogeneous top layer will be effectively impeded, 
although the thickness may be much less than that of the layer within 
which normally a wind current should be developed. The further 
increase must be very slow, but no estimate can be given of the time 
required for the wind current to penetrate to the depths that it would 
have reached in homogeneous water. The gradual increase of the 
homogeneous top layer is shown schematically in fig. 123A. 

If the wind dies off, heating at the surface may again decrease the 
density near the surface, but as soon as the wind again stArts to blow, 
a new homogeneous layer is formed near the surface, and consequentiy 
two sharp bends in the density curve may be present (fig. 123B). 
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If concluinons are to be drawn from tbe thickness of the upper homo- 
geneous layer as to the depth to which wind currents penetrate, cases 
must be examined in which the wind has blown for a long time from the 
same direction and with nearly uniform velocity. In middle and high 
latitudes the wind current will reach its final state more rapidly in winter, 
when cooling takes place at the surface, than in summer, when heating 
takes place. 

TRANSPOBT AMD EmBRGY EQUATIONS APPLIED TO WiND CURRENTS. 
The transiKirt by wind currents across a vertical surface 1 cm wide is 
obtained by integration of the equations of motion, thking the boundary 
condition into account. In the open ocean, where the water is deep, the 
result is 


pTx — cra.y, fiT^ — — cr«,,. (XIII, 82) 


Thus the transport is independent of the value of the eddy viscosity and 
is directed, in the Northern Hemisphere, 90® to the right of the wind, 
and in the Southern Hemisphere, 90° to the left of the wind. It is 
directly proportional to the stress of the wind and inversely proportional 
to the sine of the latitude. 

If in homogeneous water the kinetic energy remains constant, the 
energy equation (XIII, 68) is reduced to 


where To, as before, is the stress of the wmd, and vo.r is the surface velocity 
in the direction of the wind. Thus, the power of the wind stress on the 
surface equals dissipation. 

In Ekman's solution equals Vo/'v/2, where Vo is the velocity of the 
surface wind current, which deviates 45® from the direction of the wind. 
Because A is assumed to be constant, one obtains 





(s)’] 


dz. 


The correctness of this equation can be verified by introducing the 
equations for Vt, Vy, and vq (XIII, 78). 

In nonhomogeneous water the complete energy equation has to be 
considered. The power of the wind stress on the surface must equal 
the work performed against the pressure gradients and the loss of energy 
by dissipation due to friction. This is only another way of stating that 
the wind currents are modified in stratified water, but so far the extent 
of modification has not been examined. 

One of the characteristics of the modifications can be demonstrated 
as follows. The boimdary condition must always be fulfilled (XIII, 65); 
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that 10 , 



where v is the vdocity in the direction of the tangential stress of the 
wind. In water in which the denmty varies with depth, the rdative 
current generally will vary with depth, and therefore the atove equation 
can be written 

where v, is the component of the relative current in the direction of 
the wind, and v„ is the component of the wind current. If dve/dz is 
negative— that is, if Vc decreases with depth — the wind current will 
be smaller than it is in homogeneous water. However, dve/dz is usually 
so small that ( Advc / de ) can be neglected. 

Effbct of Friction on Bottom Currents. A current flows along 
the bottom if the isobaric surfaces are inclined near the bottom, and 
in this case the effect of friction cannot be neglected. The motion 
must be zero at the bottom, and directly over the bottom the eddy vis- 
cosity must increase rapidly with the distance from the bottom (see 
p. 480). 

The equations of motion can easily be integrated if one assumes 
that the eddy viscosity is constant and that near the bottom the slope 
of the isobaric surfaces is independent of the distance from the bottom. 
The latter assumption implies that in the absence of friction the “ gradient 
velocity,” Vi = —gd, is independent of the distance from the bottom. 
Placing the center of the coordinate system at the bottom, the positive 
y axis in the direction of the slope of the isobaric surfaces, and the z axis 
positive upward, one obtains 

T 

Vx = «, - ViC COS ^ z, 

-(XIII, 85) 

~ n >* • F 

Vt — t\e ® sin ^ z. 

This solution, which was given also by Ekman, corresponds exactly 
to the solution which represents the wind current, and can be represented 
in a similar manner (see fig. 121, p. 493). Above the bottom the cur- 
rent first turns to the right and its velocity increases until, above the 
depth ly, which corresponds to the depth of frictional resistance, it 
practically attains* the constant velodty v<. Projected on a horisontal 
plane, the end points of the velocity vectors lie on a logarithmic sinral. 

This solution g^ves A first orientation as to the effect of friction 
near the bottom, but it cannot be expected that the solution will give a 
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velocity distribution in good accord with actual conditions. The main 
reason for this statement is that the eddy vi8c<^ty cannot be expected 
to be constant from the bottom upwards, but must be nearly zero 
at the bottom, and in the lowest layers it probably increases linearly 
with the distance from the bottom. A theory of the probable variation 
of velocity with increasing distance from the bottom can be developed 
similar to Rossby's and Montgomery’s theory (1935) of the layer of 
frictional resistance in the atmosphere, but so far such a theory has been 
of no interest because the necessary data for testing it are lacking. 
Actually, no observations exist that indicate the type i^f motion near the 
bottom, and the only statements which can be made with certainty are 
that, owing to the friction at the boundary, the flow near the bottom 
must have a component in the direction of the .slope of the isobaric 
surfaces, and that the transport in the direction of the slope must be 

pT = CTi, 

where is the frictional stress at the bottom. 

The above considerations are valid if the depth of the water is greater 
than the thickness of the layer of frictional resistance. In shallow water, 
modifications are encountered which have been discussed by Ekman on 
the assumption of a constant eddy viscosity. 

Secondary Effect of Wind Tow'ard Producing CuRRENTst 
Upwelling. In the open ocean the total mass transport by wind is 
equal to cr^ and is directed normal to the wind regardless of the depth 
to which the wind current reaches and. regardless of the variation with 
depth of the eddy viscosity. This fact' is of the greatest importance, 
because the transport of surface layers by wind plaj’^s a prominent part 
in the generation and maintenance of ocean currents. Boundary condi- 
tions and converging or diverging wind systems must, in certain regions, 
lead to an accumulation of light surface waters and, in other regions, to a 
rise of denser water from subsurface depths. Thus, the wind currents 
lead to an altered distribution of mass and, consequently, to an altered 
distribution of pressure that can exist only in the presence of relative 
currents. These process&s will be illustrated by a few examples. 

Consider in the Northern Hemisphere a coast line along which a 
wind blows in such a manner that the coast is on the right-hand side 
of an observer who looks in the direction of the vrind (see flg. 124). At 
some distance from the coast the surface water will be transported to 
the right of the wind, but at the coast all motion mu.st be parallel to 
the coast line. Consequently a convergence must be present off the 
coast leading to an accumulation of light water along the coast. This 
accumulation creates a relative field of pressure with which must be 
associated a current running parallel to the coast in the direcUon of the 
wind. Thus, the wind produces not only a pure wind current but also 
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a relolioe currmt Hist runs in the direction of the wind. It has not hem 
possible as yet to examine theoretically the velocity distribution within 
this relative current, but it is a priori probable that this current becomes 
more and more prominent the longer the wind blows. As the current 
increases in speed, eddies will probably develop, and these eddies may 
limit the velocities which can be attained under any given circumstances. 
Also, it is probable that a vertical circulation will be present which will 
consume energy and tend to limit the velocities that can be reached. 

Consider next a wind in the Northern Hemisphere which blows 
parallel to the coast, with the coast on the left-hand side. In this case 
the light surface water will be trans- 
ported away from the coast and must, 
owing to the continuity of the sys- 
tem, be replaced near the coast by 
heavier subsurface water. This proc- 
ess is known as upweUing, and is a 
conspicuous phenomenon along the 
coasts of Morocco, Southwest Africa, 

California, and Peru (pp. 702 and 
725). The upwelling also leads to 
changes in the distribution of mass, 
but now the denser, upwelled water 
accumulates along the coast and the 
light surface water is transported 
away from the coast. This distribu- 
tion of mass again will give rise to a 
current that flows in the direction of 
the wind. 

The qualitative explanation of the 
upwelling was first suggested by Thorade (1909) and was developed by 
McEwen (1912). Recent investigations by Gunther (1936), Defant 
(1936b), Sverdrup (1930, 1938b), and Sverdrup and Fleming (1941) have 
added to the knowledge of the phenomenon, and have especially shown 
that water is drawn to the surface from depths not exceeding 200 to 300 
m. Deep water does not rise to the surface, but an overturning of the 
upper layer takes place. 

In spite of the added knowledge, it is as yet not possible to discuss 
quantitatively the process of upwelling or to predict theoretically the 
velodty and width of the coastal current that develops. It is probable 
that the tendency of the current is to break up in eddies, and that the 
forced vertical circulation limits the development of the current. Also, 
the wind that causes the upwelling does not, as a rule, blow with a steady 
velocity, and variations of the wind may greatly further the formation 
of eddies. 


stages stationary conditions 
plan plan PROriLC 



Fig. 124. Schematic representa* 
^ion of effect of wind towards produc- 
ing currents parallel to a coast in the 
Northern Hemisphere and vertical 
circulation. W shows wind direction, 
and direction of transport. Con- 
tours of sea surface shown by lines 
marked D, D + 1. . . . Top figures 
show sinking near the coast; bottom 
figures show upwelling. 
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Figure 125 demoiurtrates the ^ect of wiude from differeut direotwns 
on tibe currents off the coast soutbmn California in 1938. The charts 
show the geopotential topography of the sea surface rdative to the 
500-decibar surface, which in ibis case can be considered as nearly 
coindding with a level surface. Arrows have been entered on the isoUnes, 
indicating that these are approximately stream lines of the surface 
currents. 

In tiie absence of wind, one should expect a flow to the south or 
southeast, more or less parallel to the coast. In February, 1938 (fig. 
125A}, winds from the south or southwest had b^n blowing for some 



Fig. 126. (il) Geopotentiftl topography of the sea surface off southern California 
relative to the 500-deeibar surface in February, 1938, after a period with westerly or 
southwesterly variable winds. (,B) Topography and corresponding currents in June 
after a period with prevailing northwesterly winds. 


time. The light surface water had been carried toward the coast, 
and, consequently, a coastal current running north was present and was 
separated from the general flow to the south by a trough line, which 
probably represents a line of divergence. This inshore current to the 
north may not be an effect of the wind only, however, but may represent 
a countercurrent that develops when variable winds blow (p. 677). 

In June, 1938 (fig. 125B) northwesterly winds had prevailed for 
several months and had carried the li^t surface water out to a distance of 
about 150 km from the coast, where the swift current followed the 
boundary between the light offshore water and the denser upwelled water. 
Within both types of water several eddies appear. 

Similar considerations apply to conditions in the open ocean. Take 
the case of a stationary anticyclone in the Northern Hemisphere. Over 
the ocean the direction of the wind deviates but little from the direction 
of the isobars, so that the total transport of the wind will be nearly toward 
the center of the anticyclone. Light surface water will, therefore, 
accumulate near the center of the anticyclone, and a distribution of 
mass will be created that will give rise to a current in the direction of the 
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wind, ^milariy, the surface water will be transported away from the 
center of a cyclone at which heavier water from subsurface depths 
must rise. Again a field of mass is created, associated with which will 
be a current running in the direction of the wind. 

Mention has so far been made only of the direction of the wind, but 
the total transport depends also upon the square of the wind velocity 
and upon the latitude. In order to find the actual convergence due to 
wind, it is necessary, therefore, to take into account both the velocity 
and the latitude. An attempt in this direction has been made by Mont- 
gomery (1936), who finds that in the North Atlantic Ocean the region 
of maximum convergence lies to the south of the anticyclone. Further 
investigations of this nature are desirable. 

Every wind system, whether stationary or moving, will create currents 
associated with the redistribution of mass due to wind transport. It 
is possible, furthermore, that within a moving wind system the dis- 
tribution of mass does not become adjusted to the wind conditions, 
and that actual piling up or removal of mass may occur such as takes 
place in partly landlocked seas like the Gulf of Bothnia (p. 490). If 
this is true, slope currents reaching from the surface to the bottom 
develop, but they are of a local character and will soon be dissipated. 
One may thus expect that superimposed on the general currents will 
be irregular currents due to chanpng winds and, furthermore, eddies 
which are characteristic of the currents themselves and independent of 
wind action. A synoptic picture of the actual currents can therefore 
be expected to be highly complicated. 

Conclusions os to Currents on the Basis of Tonguelike Distribution of Properties 

Where horizontal differences in density are so small that differences 
in computed anomalies of distances between isobaric surfaces become 
doubtful, conclusions as to currents are often drawn from tonguelike 
distribution of properties, especially of temperature and salinity. In 
such cases, it is necessary to distinguish between tongues in a horizontal 
plane and those in a vertical section. 

As a rule a tonguelike distribution in a horizontal plane can be inter- 
preted by means of the dynamic conriderations that have been presented. 
If a tongue of low temperature is present, as shown in fig. 126, one can 
assume in most cases that the water of the lowest temperature also has 
the highest denrity and, in accordance with the rule that in the Northern 
Hemisphere the water of the highest denrity must be found on the left- 
hand side of the current, arrows r^resenting the approximate direction 
of flow can be entered. In the example shown in fig. 126 the flow to the 
northwest on the coastal side of the tongue of cold water was confirmed 
by results of drift-bottle experiments (Sverdrup and Fleming, 1941). 
Thus, the stream Unes tend to follow the contour lines of the tongues. 
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If the dynamics of the ^rstem were not home in mind, one mi^^t 
assume that the spread of the water would be jetlike and that the axes of 
the jet currents would coincide with the tongues of low or high tempera* 

tures, as indicated by the open ar* 
rows in fig. 126. Such an interpre- 
tation, however, would neglect the 
effect of horizontal pressure gradi- 
ents and therefore would be in dis- 
agreement witl^ the character of the 
acting forces. These conclusions 
will be somewhat modified by a 
consideration of the effect of fric- 
tion, and they may not be valid at 
the sea surface, where external 
factors may contribute toward 
Fig. 126. Tonguelike distribution maintaining the temperature dis- 
of temperature at a depth of 60 m off tribution 

southern California in May, 1937. Solid /-i ■ j • i .i- 

arrows indicate direction of flow accord- Consider next a vertical section 

ing to the geopotential topography of the in which a tonguelike distribution 
sea surface; open arrows show the axes of Qf temperature and salinity appears 

(fig. 127). In this case the toiyjue 
may indicate horizontal flow in the direction of the tongue; and such 
flow may no longer be in conflict with the dynamics of the s^^stem. 
However, if only horizontal motion occurs, processes of mixing must be 
of importance to the development of^ the tongue, because the properties 
of the mass in a moving volume are changing in the direction of flow, and 




Fig. 127. Tonguelike distribution of salinity in a vertical section correspond- 
ing to given boundary conditions and given values of velocity and eddy diffusion. 
See text. 


in the subsurface layers such changes can be due only to mixing (p. 168). 

Defant (1929b) and Thorade (1931) have examined analytically 
the relation between the velocity and the effect of vertical mixing. 
Under stationary conditions the equation (p. 169) 


p dz* 



0 


(XIII, 86) 


must be fulfilled if the distribution is maintained only by horizontal 
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flow and vertical mudng. Here A represents the coefficient of eddy 
diffusivity, and v, is the horizontal velocity. 

Equation (XIII, 86) can be solved if A/p is supposed to be constant 
and a number of simide assumptions are introduced. Consider, for 
instance, a horizontal current of uniform velocity, v, in a layer of thick- 
ness 2A, flowing between z = -fA and z ^ —h (see fig. 127). Assume 
that at X = 0 the distribution of the property is given by the equation 


s = So + As cos 


■wz 

2A’ 


and that at 2 = +A and z — —h — that is, at the upper and lower 
boundaries of the current — the property is constant, s = So. Provided 
that these conditions are fulfilled and that the character of the current is 
dynamically possible, a stationary distribution of the property can 
e.\ist if 

_ 'id , -2 

s = So + Ase «’o' cos (XIII, 87) 


Figure 127 shows an example of such a distribution which has been 
prepared by Defant after the introduction of numerical values of s#, 
As, and h and by assuming that A/v — 2. The solution presupposes 
certain boundary conditions that are not specified here. Transport 
of the property into the volume must take place through the surface 
X — 0, and transport out of the volume must take place through the 
other boundary surfaces. In these circumstances, it is necessary to 
assume that certain physical processes maintain the constant value 
s = So along the horizontal boundaries. 

As shown by Thorade (1931), equation (XIII, 86) can be integrated 
on many different assumptions, and different types of tongues can be 
derived. It is particularly interesting to observe that on certain assump- 
tions the tongue is found to curve up or down, although horizontal flow 
is assiimed, and that the axis of the tongue need not coincide with an 
axis of maximum velocity. In fig. 127, uniform velocity was supposed, 
but the tonguelike distribution of the property may create the erroneous 
impression that the velocity is at a maximum along the center line of the 
tongue. In view of these results, it is necessary to exercise great care 
when drawing conclusions as to currents from tonguelike distribution. 

Defant (1936a) has made use of equation (XIII, 86) in an improved 
form in order to compute the ratio A/v directly from oceanographic data. 
Considering that along the bottom the motion cannot be horizontal, 
but must follow the slope of the bottom and that, even at some distance 
from the bottom, the motion may deviate from the horizontal, Defant 
writes 

A ds , ds . 

^ dz* “ dx dz 


(XIII, 88) 
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where a is the ani^e that the stream lines form with the horisontid. 
Provided that the distribution of s is known, equation (XIII, 88) contains 
two unknowns: A/po and a. The continuity of the sjwtem, however, 
introduces restrictions as to the posable values that may fit the equation, 
and, by means a series of trials, Defant could determine the probable 
direction of flow and the valuM of A/po in the deep water of t^ South 
Atlantic Ocean. 

It has so far been assumed that horizontal mixing can be disregarded, 
but a tonguelike distribution can equally well be brought about by 
horizontal and vertical mixing as by horizontal flow %knd vertical mixing. 
If a given distribution in a vertical plane is maintained only by processes 
of mixing in horizontal and vertical directions, equation (XIII, 86) must 
be replaced by 


At d*8 ■ Am _ - 
p 3z* p 3*® ’ 


(XIII, 89) 


provided that the coefficients of eddy diffusion. A, and Ax, can be con- 
radered constant. Introducing the same assumptions that were made in 
order to present a solution of (XIII, 86), one obtains 

8 = So + Aae cos ~ (XIII, ^0) 

This solution is identical with (XIII, 87) if 

±t ^ 

Ax \pv/ 4h® 

With the same numerical values as before, A/v = 2 and h = 300 m 
= 3 X 10^ cm, one obtains 

A* = 9 X lOU,. 

The distribution of salinity shown in fig. 127 can therefore be brought 
about equally well by processes of horizontal mixing, provided t^t 
the horizontal eddy diffusivity is 9 X 10® times greater than the vertical. 
Earlier studies gave no indication of the existence of such a tremendous 
horizontal eddy diffusion, but recent investigations (table 66 p. 485) 
indicate that within any current numerous large eddies are present which 
appear in the relative distribution of pressure, and that possibly con- 
verging or (fiverging winds may lead to piling up or removal of mass and 
thus induce irregular slope currents. Similarly, internal waves (see 
p.’601) may provide an effective stirring mechanism. Therefore the 
possibility exists that the horizontal eddy diffusion cannot be n^ected, 
as had been previously supposed, but that the effect of the horizontal 
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diffuBioa is of tiie same order of magnitude as the effect of tilie vertical. 
If this is tirue, no conclusions as to horisontal flow can be drawn fx<Hn 
tonguelike distributions in vertical sections, unless the effect of mixing in 
both horisontal and vertical directions can be independently evaluated. 

The “core method,’’ which WOst has introduced (p. 146} and is»ed 
successfully in studying the deep-water flow in the Atlantic, does not 
contun any assumption ac to the character of the mixing, and is well 
suited therefore for giAring a qualitative picture of the spreading of 
certain water types. 


Thermodynamics of Ocean Currents 

The preceding description of the effect of the wind, especially the 
discussion of the secondary effect of the wind in producing currents in 
stratified water, may leave the impression that the wind is all-important 
to the development of the ocean currents and that thermal processes 
can be entirely neglected. Such an impression would be very misleading, 
however. In discussing the secondary effect of the wind, it was repeat- 
edly mentioned that the development of the currents caused by a redistri- 
bution of mass by wind transport would be checked partly by mechanical 
processes and partly by thermal processes. Surface waters that were 
transported to higher latitudes would be cooled, and thus a limit would 
be set to the differences in density that could be attained. Upwelling 
water would be heated when approaching the surface, and at a certain 
vertical velocity a stationary temperature distribution would be estab- 
lished at which the amount of heat absorbed in a unit volume would 
exactly balance the amounts lost by eddy conduction and by transport of 
heat through the volume by vertical motion. The establishment of a 
stationary temperature distribution within upwelling water would check 
the effect of upwelling on the horizontal distribution of density. 

The above examples serve to emphasize the importance of the thermal 
processes in the development of the currents, but an exact discussion 
of the thermodynamics of the ocean is by no means possible. So far, 
the principles of thermodynamics have found very limited application to 
oceanographic problems, but this statement does not mean that the 
thermal processes are unimportant compared to the mechanical. 

Thebmal Circulation. The term “thermal circulation’’ will be 
understood to mean a circulation that is maintained by heating a system 
in certain regions and by cooling it in other re^ons. The character 
of the thermal drculation in the ocean and in the atmosphere has been 
discussed by V. Bjhrknes and cdlaborators (1933). Their conclusions 
can be stated as follows: If within a thermal circulation heat shall be 
transformed into mechanical eneigy, the heating must take place under 
higher pressure and the cooling under lower pressure. Sudi a thermo- 
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dyiutmic aaachme vill run at a constant speed if the mechanical energy 
that is produced by the thermal circulation equals the energy that is 
expended for overcoming the friction. 

In the ocean, “higher pressure” can generally be replaced by “greater 
depth,” and “lower pressure” by “smaller depth.” Applied to the 
ocean the theorem can be formulated as follows: If within a thermal 
circulation heat shall be transformed into mechanical energy, the heating 
must take place at a greater depth than the cooling. 

This theorem was demonstrated experimentally by Sandstrdm 
previous to its formulation by Bjerknes. In one^xperiment, Sandstrdm 
placed a “heater” at a certain level and a “cooler” at a lower level in 
a vessel filled with water of uniform temperature. The heater consisted 
of a system of tubes through which warm water could be circulated, and 
the cooler consisted of a similar system through which cold water could 
be circulated. When w'arm and cold water were circulated through the 
pipes, a system of vertical convection currents developed and continued 
until the water above the heater had been heated to the temperature of 
the circulating warm water, and the water below the cooler had been 
cooled to the temperature of the circulating cold water. When this 
state had been reached and a stable stratification had been established, 
with temperature decreasing downward, all motion ceased. 

In a second experiment, Sandstrdm placed the cooling system above 
the heating system. In this case the final state showed a circulation 
with ascending motion above the heating unit and descending motion 
below the cooling unit. Thus, a stationary circulation was developed, 
because the heating took place at greater depth than the cooling. 

From these experiments and from Bjerknes’ theorem, it is immediately 
evident that in the oceans conditions are very unfavorable for the 
development of thermal circulations. Heating and cooling take place 
mainly at the same level — ^namely, at the sea surface, where heat is 
received by radiation from the sun during the day when the sun is high 
in the sby, or lost by long-wave radiation into space at night or when the 
sun is so low that the loss is greater than the gain and heat is received or 
lost by contact with air. 

Because heating and cooling take place at the surface, one might 
expect that no thermal circulation can develop in the sea, but this is 
not true. Consider a vessel filled adth water. Assume that heating at 
the surface takes place at the left-hand end, and that towards the right- 
hand end the heating decreases, beconung xero at the middle of the 
vessel. Beyond the middle, cooling takes place, and reaches its maxi- 
mum at the other end. Under these conditions tiie heated water to the 
left will have a smaller density than the cooled water to the right, and 
will therefore spread to the right. Owing to the continuity of the system, 
water must rise near the left end of the vessel and sink near the li^t 
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«id, tiuis estaUififaing a dockwise eireolatioii whieh at tiie smfaee Sows 
from the area where heating takes place to the area where coolii^ takes 
place. When stationary conditions have been estaUished, the tempera- 
ture of the water to the left must be somewhat h%her than the tempera- 
ture of the water to the right, owing to conduction from above. 

This circulation is quite in agreement with Bjerknes’ theorem, 
becMise at the surface the water that flows from Idt to right is being 
cooled, since it flows from a region where heating dominates into a 
repon where cooling is in excess. Duiing the return flow, which takes 
place at some depth below the surface, the water is, on the other hand, 
being warmed by conduction, because it flows from a region of lower 
temperature to a region of higher temperature. Thus the circulation 
is such that the heating takes place at a greater depth than the cooling. 
This circulation, however, cannot become very intensive, particularly 
because the heating Mrithin the return flow must take place by the slow 
processes of conduction. 

If the oceanic circulation is examined in detail, many instances are 
found in which the vertical circulation caused by the wind is such that 
the thermal machine runs in reverse, meaning that mechanical energy 
is transformed into heat, thus checking the further development 
of the wind circulation. When upwelling takes place, the surface flow 
will be directed from a rejpon of low temperature to a region of high 
temperature, and the subsurface flow will be directed from high to low 
temperature. The thermal machine that is involved will consume energy 
and thus counteract a too-rapid wind circulation. In the Antarctic 
the thermal circulation will be directed at the surface from north to 
south and will counteract the wind circulation, which will be directed 
from south to north. On the other hand, systems are found within 
which the thermal effect tends to increase the wind effect and within 
which the increase of the circulation must be checked by dissipation of 
kinetic energy. 

The Thermohaline Circulation. So far, only thermal circulations 
have been considered, but it must be borne in mind that the density of 
the water depends on both its temperature and its salinity, and that 
in the surface layers the salinity is subject to changes due to evaporation, 
condensation, precipitation, and addition of fresh water from rivers. 
In the open ocean the changes in density 'Rre determined by the excess 
or deficit of evaporation over precipitation. These changes in density 
may be in the same direction as those caused by heating and cooling, 
or they may be in oppotite directions. When examinii^s the circulation 
that arises because of the external factors influencing the density of the 
surface waters, one must take changes of botii temperature and salinity 
into account, and must consider not the thermal but the thermobaline 
circulation. Bjerknes’ theorem is then better formulated as foUows.* 
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If a thennohaline circulation shall produce energy*, the expansion must 
take place at a greater depth than the ermtcaetion. In this form, the 
theory can be used to determine whether ndthin any given drculation 
energy is gained or lost because of thennohaline changes. 

If thermal and haline circulations are separated, it is found that m 
some instances they work together and that in others they counteract 
each other. The greatest heating takes place in the equatorial region, 
where, owing to excess precipitation, the density is also decreased by 
reduction of the salinity. In the latitudes of the subtropical anticyclones 
the heating is less, and, in addition, the density of me water is increased 
by excess evaporation. Between the Equator and the latitudes of the 
subtropical anticyclones, conditions are therefore favorable for the 
development of a strong thennohaline circulation. North and south of 
these latitudes the haline circulation wiU, however, counteract the 
thermal, because the density is decreased by excess precipitation but 
increased by cooling. A weak thermohaline circulation might be 
expected there. 

In the absence of a wind system, one might expect at the surface 
a slow thermohaline circulation directed from the Equator to the poles 
and directed at some subsurface depth in the opposite direction. This 
circulation would be modified by the rotation of the earth and by^the 
form of the ocean barins, but nothing can be said as to the character of 
the system of currents that would develop under such conditions. It is 
probable, however, that the existing current system bears no similarity 
to the one that would result from such a thennohaline circulation, but is 
mfdnly dependent upon the character of the prevailing winds and upon 
the extent to which the circulation maintained by the wind is checked 
by the thermal conditions. In other words, the wind system tends to 
bring about a distribution of density that is inconsistent with the effect 
of heating and cooling, and the actual distribution approaches a balance 
between the two factors. These two factors — the wind and the process 
of heating and cooling — are variable, however, in time and space, for 
which reason a stationary distribution of density with accompanying 
stationary currents does not exist. Only when average conditions over 
a long time and a large area are considered can they be regarded as 
stationary. 

V£BTicAi< Convection Cvbbents. The thennohaline circulation 
is of small dir^ importance to the horizontal curroit, but is responsible 
mainly for the development of vertical convection currente. Wherever the 
of the Buxfane water is increased so much by cooling or evapora- 
tion that it becomes greater than the density of the underlying strata, 
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should oot be called “currents” if this term is defined as motion of a 
considerable body of water in a definite direction. 

The depth to which vertical convection currents penetrate d^im^ 
upon the stratification of the water. A mass of surface water, the 
density of which has been increased by cooling or evaporation, wn1f« until 
it meets water of equal density. If mixing with neighboring water 
masses takes place, it sinks to a lesser depth. When vertical convection 
currents have been active for some time, an upper layer of homogeneous 
water is formed, the thickness of which depends upon the original strati- 
fication of the water, the intensity of the convection currents, and the 
time the process has lasted. Thus, an upper homogeneous layer can be 
formed in two different ways; either by the mechanical stirring due to 
wind, or by the effect of the thermohaline vertical convection currents. 

The vertical convection currents are, as a rule, of greater importance 
in higher latitudes. In latitudes where an excess of evaporation is found, 
the heating of the surface is often so great that the decrease of the surface 
density by heating more than balances the increase by evaporation. 
In these circumstances the surface salinity will be greater than the salinity 
at a short distance below the surface. The formation of deep and bottom 
water by vertical convection currents is dealt with elsewhere (p. 138). 
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Waves and Tides 


InfroductioR 

The preceding sections have dealt with the types of motion in the 
ocean that bring about transport of water masses in a definite direction 
during a considerable length of time. They have also dealt with the 
random motion, the turbulence, which is superimix>sed upon the general 
flow. Besides these tsrpes, one has also to consider the oscillating motion 
characteristic of waves. In general, this motion manifests itself to the 
observer more by the rise and fall of the sea surface than by the motion of 
the individual water particles. 

Waves have attracted attention since before the beginning of recorded 
history, and in recent years they have been the subject of extensive 
theoretical studies. Surveys of our knowledge as to the character of 
ocean waves have been presented by Cornish (1912, 1934), Kriimmel 
(1911), Patton and Marmer (1932)^ and by Defant (1929). Lamb 
(1932) has discussed the hydrodynaifiw theories of waves, and Thorade 
(1931) has given a comprehensive review of the theoretical studies of 
ocean waves and has compiled a long list of literature covering the period 
from 1687 to 1930. 

Our understanding of the waves of the ocean, how they are formed 
and how they travel, is as yet by no means complete. The reason is, in 
the first place, that actual observations at sea are so difficult that the 
characteristics of the waves cannot easily be determined. In the second 
place, the theories that serve to bring the observed sequence of events in 
nature into intimate connection with experience gained by other methods 
of study are still incomplete, particularly because most theories are based 
on classical hydrodynamics, which deal with wave motion in an idealized 
fluid. Here will be presented only a brief review of the best-established 
facts concerning waves and of some of the more outstanding theoretical 
accomplishments. Readers who wish to gain further insight are referred 
to some of the above-mentioned books. 

In order to classify waves, it is necessary to introduce certain defini- 
tions. Wave height, H, is defined as the vertical distance from trough 
to crest, whereas wave amplitude, a, is one half of that distance (fig. 128). 

* Pages 682-S87 revised in 1946. 
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Wave period, T, is defined as the time elapsed in a fixed locality between 
the occurrence of one wave crest and the occurrence of the next. Wave 
length, L, is the horisontal distance from crest to crest or from trough to 
trough. The term "wave velocity,” c, is applicable to a sequence of 
uniform waves passing a given locality. The wave velocity is equal to 
the distance travded by the wave in 1 sec. If a wave progresses in 
the X direction and if the crest was at the locality x » 0 at the time 
( s 0, it will have advanced one wave length when a time equal to the 
wave period has elapsed, or when t — T. Thus, the wave advances the 
distance L in the time T, and therefore c ^ L/T. 

pRoonessive wave 



STANDING WAVE 



Fig. 128. Schematic repreBentation of a progressive and of a standing wave. 


For a wave the amplitude of which is small compared to the wave 
length, the height of the free surface, n, at a given locality can be repre- 
sented by means of a simple harmonic function, 

», = a sin = a sin <r<. (XIV, 1) 


For a progressive wave of small amplitude, the variation in time and space 
of the free surface can be written 


»> 


— a sin 2ir 



a sin {(ft — Kx), 



2t 

* ~ L' 

(XIV, 2) 


A standing wave (fig. 128) can be considered as composed of two progres- 
sive waves traveling in opposite directions, and the term * velocity of 
progress^’ retains, therefore, a definite meaning. 

In wave motion, two types of velocity have to be considered: the 
velodty of progress of the wave itself and the velocity of the individual 
water particles. In a progressive wave the water particles move in 
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diroles or in ellipses whereas in a standing wave they move in straight 
lines which are horisontal at the nodes and vertical at the antinodes. 

The rise and fall of the free surface can be ascribed to convergence 
and divergence of the horisontal motion of the water particles. Witiun 
a progressive wave (hg. 128, also fig. 98, p. 426) the horisontal flow at the 
wave crest is in the direction of progr^, and at the trou(^ it is oppomte 
to the direction of progress. Convergence therefore takes place between 
the crest and the trough, and there the surface rises. Within a standing 
wave (fig- 128) the horizontal velocity is zero at every point at the rime 
when the wave reaches its greatest height. Durihg the following half 
period the horizontal velocity is directed from the crest to the trough, 
causing divergence below the crest and convergence below the trough, 
for which reason the crest will sink and the trough will rise. This process 
continues until the positions of the crest and of the trough become inter- 
changed, and during the following half period the horizontal morion is 
reversed. The vertical velocity is always zero halfway between the 
crest and the trough, where the wave has nodes. The horizontal velocity 
is always zero at the crests and troughs, where the wave has anrinodes or 
loops. Evidently a vertical wall can be inserted at the antinode without 
altering the character of the wave, because no horizontal motion exists 
at the anrinode. 

From a different point of view, waves can be classified as flSrced 
or free waves. A forced wave is a wave that is nuuntained by a periodic 
force, and the period of a forced wave must always coincide with the 
period of the force, regardless of the', dimensions of the basin or of fric- 
tional influence. A free wave, on the other hand, represents one of the 
possible oscillations of a body of water if this body is set in morion by a 
sudden impulse. The period ef a free wave depends on the dimensions 
of the basin and on the effect of friction. Later on, these types will be 
dealt with more fully. 

When ocean waves are concerned, gravity and Corioli's force are the 
two important forces to be considered. For waves of a few centimeters 
in length the surface tension of the water has to be taken into account, but 
such waves are of no consequence in the sea. We shall tiiarefore deal 
with gravity waves only and shall at first neglect Corioli’s force. 

A rational division of gravity waves into two classes can be made 
when considering the relation between wave velocity, wave length, and 
the depth to the bottom. The wave velocity can with sufficient accuracy 
be represented by means of the equation of classical hydrodynamics; 

c»»^tanh^fe, (XIV, 3) 

where h is the depth to the bottom. If the depth to the bottom exceeds 
about half a waye length, tanh 2ir(A/Z<) can be put equal to unity, and 
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fonnulft (XIV, 3) is reduced to 


l£L 

2 * 


(XIV, 4) 


In this case the vdodty of the wave is independent of the depth but 
dependent upon the wave length. 

If, on the other hand, the depth is smaU compared to the wave 
length, tanh 2rA/L can be replaced by 2rhlL, so that e » Ihus, 

if the depth is smidl compared to the wave length, the velocity of the 
wave depends only on the depth to the bottom and is independent of 
the wave length. The latter waves are called long wave*, whereas the 
former, the velocity of which is independent of depth, are called ehorl 
wave*, or *wrfaee wave*. For water of any pven depth the transition 
takes place within a narrow range of wave lengths, for which reason the 
classification is a very satisfactory one. 

The physical reason for the difference between the surface waves 
and the long waves has been explained in simple words by H. Jeffreys 
(Cornish, 1934). Jeffreys points out that within surface waves the 
individual water particles near the surface move in circular orbits, but 
that the radii of these orbits, and therefore the velocities, decrease 
rapidly with depth. Theoretically the diameter of orbits at a depth of 
one half the wave length is only one twenty-third of the corresponding 
diameter at the surface. Regardless of the actual depth the character 
of the wave therefore remains imaltered if the depth to the bottom is 
greater than that short distance. Direct observations for substantiating 
this conclusion have not been made, but experience on submarines shows 
that in deep water a moderate wave motion decreases rapidly with depth 
and becomes negligible at a short distance below the surface, say at a 
depth of 30 m. 

In shallow water the fact that no vertical motion can exist at the 
bottom modifies the character of the waves. At the bottom the motion 
can be only back and forth, and, if the depth is small compared to the 
wave length, the motion will remain nearly horisontal at all depths. 
Actually, the orbits of the single water particles will be flat ellipses that 
become more and more narrow when approaching the bottom, and at the 
bottom they degenerate into straight lines. 

In a sea of variable depth the transition from ^ort to long waves 
hft gina when the depth to the bottom becomes less than half the wave 
length, or where A < Since L * T*g/2ir (p. 625) it is possible to 
establish a relation between the critical depth at which the transformation 
begins to tj-lcft place and the wave period: 



This formula is preferable to one containing the wave length, because tiie 



520 


WAVES AND TIDES 


wave period is more easily measured. Hie longest periods of ocewl 
surface waves are seldom more than 10 to 12 sec, and k is therefore of the 
order of 100 m, meaning that the transformation of surface waves of 
periods 10 to 12 sec begins when depths less than 100 m are encountered. 

Waves of tidal period, on the other hand, always have the character 
of long waves. If the rotation of the earth is disregmtied, their velocity 
of progress is equal to 11^ h/L is so small that tanh 2irh/L 

equals TmhIL. The equation ca® be written 

A _ Jl jh 

L T\g 

For the semidiurnal tide, T is about 44,700 sec. Even with h = 10,000 m 
= 10* cm, one obtains h/L = Maso, and this value is sufficiently small 
to make tanh Tnth/L equal ^h/L. Waves of tidal period have therefore 
the character of long waves. 

For waves of short periods the rotation of the earth can be dis- 
regarded, as can be shown by comparing the accelerations of the moving 
particles with Coriolis force. If Coriolis force is very small compared 
to the accelerations, it can be disregarded, because it is then negligible 
compared to the other forces, the resultant of which represents the 
accelerations. » 

Coriolis force is proportional to 2w sin ^ v, where v is the hori- 
zontal velocity, and the acceleration, dv/dt, is proportional to (2ir/T)v. 
The ratio between Coriolis force and' the acceleration due to the wave 
motion is therefore proportional to (7’/2 t)2ci> sin ^ or to (T/T,)2 sin 
where T, is the period of rotation of the earth. If the period is meas- 
ured in hours, one can write {T/T,)2 sin v — (ir/12) sin <p. Now, 
12/8in ip is equal to one half pendulum day (p. 437), and it can therefore 
be stated that the earth’s rotation will be of importance to wave motion 
if the period of the wave approaches the length of one half pendulum 
day. For ocean surface waves the wave period T is always a very small 
fraction of half a pendulum day, for which reason the deflecting force is 
ne^igible beside the other forces, but long waves may be of tidal period, 
in which case the period length is of the same order of magnitude as a 
pendulum day, meaning that the deflecting force is of the same importance 
as other acting forces. Coriolis force will therefore be introduced when 
dealing with these waves. 

Another noteworthy charactemtic of surface waves is that below 
the depth to which motion of particles is perceptible the pressure remains 
constant when the waves pass. A pressure gauge placed on the bottom, 
if the depth were great enough, would not show any effect of surface 
waves, regardless of their height. The reason is that below the crest of 
the wave the acederation is directed downward and will therdore 
counteract the effect of the acederation of gravity, but bdow the trough 
the acceleration is directed upward and will be added to tiie acederation 
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of gravity. CSonsequently, under the crest a column of water exerting 
a given pressure will be of greater height than under the trough^ andf 
at the level at which the motion is imperceptible, the difiference in height 
equals the wave hei^t. At and bdow this depth a pressure gauge 
will not record any surface waves. The above statements can be exactly 
verified by means of the general equations of motion as applicable to 
surface waves. 

For waves of long periods the vertical accelerations, on the other 
hand, can be neglected, because the vertical displacements require a 
very long time. Consider a surface wave of period 10 sec and hei^t 
1 m, and a long wave of semidiurnal tidal period 44,700 sec and height 
1 m. The ratio of the average vertical accelerations during the time 
when a water particle near the surface moves from its lowest to its highest 
position is inversely proportional to the square of the ratio of the wave 
periods, or in the wave of tidal period the vertical accelerations are about 
5 X 10“* times the vertical accelerations within the surface wave — 
that is, they are negligible. Consequently, when a long wave passes, the 
pressure at any given level is proportional to the height of the water, and 
a pressure gauge at the bottom gives a true record of the passing wave. 

Some of the most outstanding characteristics of ocean surface waves 
and long waves can be summarized as follov/s: 


Character of wave. 

Velocity of progress. 

Movement of water par- 
ticles in a vertical plane. 


Vertical displacement of 
water particles. 


Distribution of pressure. 


Influence .of the earth’s 
rotation. 


Surface Wuvea 
Progressive, standing, forced 
or free« 

Dependent on wave length 
but independent of depth. 
In circles, the radii of which 
decrease rapidly with in- 
creasing distance from the 
surface. Motion imper- 
ceptible at a depth which 
equals the wave length. 
In some types of surface 
waves the motion is in w^de 
ellipses. 

Decreases rapidly with in- 
creasing distance from the 
surface and becomes imper- 
ceptible at a depth which 
equals the wave length. 
Below the depth of percep- 
tible motion of the wat\;f 
particles the pressure is not 
influenced by the wave. 
Negligible. 


Long Wavee 

Progressive, standing, forced 
or free. 

Dependent on depth but 
independent of wave length. 
In ellipses which are so flat 
that practically the water 
particles are oscillating back 
and forth in a horixontal 
plane. Horizontal motion 
independent of depth. 


Decreases linearly from the 
surface to the bottom. 


The wave influences the 
pressure distribution in the 
same manner at all depths. 

Cannot be neglected if the 
period of the wave ap* 
proaches the period of the 
earth’s rotation. The ve- 
locity of progress of the 
wave and Idie movement of 
the water particles are 
modified. 
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In the fottowing diacvmon ibe characteristics of the wave typea of 
the oceans will be dealt with more fully. 

Surface Woves 

Omoin or SuRSACB Waves. It is evident to the most casual observer 
that surface waves are created by wind, but only recently, in a work by 
H. Jeffreys, has a successful phymciJ explanation of the process been 
presented (Defant, 1929, Thorade, 1931). Jeffreys avails himself of the 
fact that in ur in turbulent flow, eddies are formed on the lee side of 
obstacles. If a strong wind blows agunst an isolates house, an eddy is 
formed in the same manner that eddies are formed behind stones in a 
river. The result is that the wind exerts a pressure on the windward side 
of the house, but on the lee side there will be suction. Similar ly^ when 
the wind blows over a sequence of waves, eddies will be formed on the lee 
side of the waves, for which reason the pressure -of the wind will be greater 
on the windward slopes than on the slopes that are sheltered by the crests. 
This condition can prevail, however, only if the waves travel at a velocity 
that is smaller than the speed of the wind. On the basis of -these argu- 
ments, Jeffreys finds that waves may increase only if 


c(ir - c)* ^ (XIV, 6) 

Here W is the vdocity of the wind, c is the velocity of the waves, v is the 
kin e m atic viscosity of the water, g is the acceleration of gravity, p and i>' 
are the densities of the water and the air, respectively, and s is a non- 
dimensional numerical coe£Scient that Jeffreys calls the "sheltering 
coeffident." It should be observed that in his reasoning Jeffreys takes 
into account both the turbulent character of the wind and the viscosity of 
the water. His theory therefore must be expected to pve results in better 
agreement with actual conditions than earlier theories based on the con- 
cepts of classicai hydrodynamics, which neglect turbulence and viscosity. 

The term on the ri(dit-hand side of equation (XIV, 5) is always posi- 
tive. Ihe product on the left-hand side must tiierefore always be 
positive and can exceed the right-hand term only if the wave velodty 
differs suffidently both from sero and from the wind velodty. For 
any (pven wind velodty, there can be only a limited range of possible 
wave velocities. It is readily seen that at a given wind velodty the left- 
hand ride of PCIV, 5) is at a maximum when c =« }iW. Therefore, unlwm 


W» > - o') 


(XIV, 6) 


thare will be no values of e that satisfy the condition. 

Equation (XTV , 6) determines the velodty of the weiJcest wind which 
can ruse any waves, and this weakest wind could be determined if the 
sheltering coeffidoit were known. Jeffreys has not been able to makfl 
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ind^icndeiiit determiiuirtions of this coefficient, but has, instOKi, c^idueted- 
wind measurements over ponds in order to determine the lowest vdocity 
at which snudl waves appear. He found that at wind velocities of less 
than 1 m/sec no disturbance of the surface occurred, but that at a velocity 
of about 1.1 m/sec distinct waves appeared. The corresponding value 
of the sheltering coefficient, s, would be about 0.27. It should be 
observed, however, that, because of the rapid change with height of wind 
velocity near a boundary surface, this numerical value and the limiting 
wind velocity both depend upon the height above the water at which the 
wind velocity was measured. 

The velocity of the smallest possible waves should be one third of 
the limiting wind velocity, or a^ut 37 cm/sec, and according to the 
theory the corresponding wave length must be 8.8 cm (p. 625). Thus, 
measurements of the smallest waves can be used for testing the correctness 
of the theory, but measurement of such small wave lengths is very difficult 
and no exact observations have been made. Jeffreys finds that the length 
of the shortest waves observed by him lies in the neighborhood of the 
theoretical value. On the other hand, Scott Russell reported in 1844 that 
he had measured surface waves of a length of only 5 cm, and the smallest 
waves measured by Cornish are only about 2.5 cm long. The problem 
of the generation of surface waves is therefoi-e not satisfactorily solved, 
but the approach by Jeffreys is in better agreement with observations 
than is any previous attempt. 

It should be added that if only the forces due to surface tension 
and gravity are considered, waves should not be formed until the wind 
velocity passes the limit of 6.7 m/sec. and if only the stress of the 
wind on the surface and gravity are taken into account, the limiting wind 
velocity will be about 4.8 m/sec. Experience shows that these values are 
far too high, and the turbulent character of the wind must therefore be 
of the greatest importance. 

Fobm and Characteristics. In physics the general picture of 
surface waves is that of sequences of rhythmic rise and fall which appear 
to progress along tibe surface when progressive waves are concerned, or 
which appear stationary if standing waves are being considered. The 
actual appearance of the surface of the open sea, however, is mostly 
in the shmpest contrast to that of rhythmic regularity. If a wind blows, 
waves of all different sixes are present, varying in form from long, gently 
sloping rid gaa to waves of short and sharp crests. Superimposed on the 
gentler waves, which may or may not run in the direction of the wind, 
series of deformations of the surface appear which, from the pmnt of 
view of physics, can be termed “ waves ” only by stretching the definition. 

If the sea surface were characterised by an unbroken series of waves 
of the same amplitude, a chart of the topography of the surface would 
contain nothing but a series of strai^^li showii^ tiie alternating wave 
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troughs and wave crests. In recent years a number of stereophotogram* 
metric pictures of the sea surface have been made, particularly on the 
Meteor Expedition (Schumacher, 1928, 1939), and more recently by 
Japanese oceanographers (Hidaka, 1939). On the basis of photographs 
taken on the Meteor, Schumacher has prepared topographic charts show- 



ing the actual sea surface as a 
wave approaches the vessel. 
One of these representations, in 
somewhat Amplified form, is 
given in fig. 129. The elevation 
of the sea surface above an 
arbitrarily selected plane varies 
between 9 m near the center of 
the picture to about 1 m to the 
right of the highest point. 
Thus, the difference in elevation 
is a little over 8 m, and the hori- 
zontal distance between the 
highest and lowest points is 
about 57 m. 

The most striking charatfter- 
istic of the picture is not a regu- 
lar sequence of waves but a great 
irr^larity in topography. A 
relation to the direction of the 


Fig. 129. Topography of the sea surface 
derived from stereophotogrammetric pictures 
of the sea surface ^en on board the Meteor 
on January 23, 1926, in lat. 59”S, long. 

The state of the sea was record^ 
as 6, waves as advancing from WSW, wind 
W8W 7 (Beaufort). 


wind is evident, however, be- 
cause the wind was blowing at 
nearly right angles to the pre- 
vailing direction of the contour 
lines of the surface, but, instead 
of a long wave crest running at 


right angles to the wind direction, there are two separate heights, one of 
which is very steep. This irregular appearance, the “cross sea” {Krewi 
See) is more common in the open ocean than the swells with long crests, 
which are more conspicuous near the coast, where series of long waves 


may roll against the beach in rhythmic sequence. 

In spite of the irregular appearance of the sea, it is possible to apply 
the terms vme •period, vme heighi, and wove Ungth, because some of the 
waves will be more conspicuous than others and their characteristics can 
observed. As has already been stated, the general theory of waves 
on the surface of the sea leads to a simple formula for the wave velocity: 
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from which the relatione 


and 


g 2r ' 

\ g g 


K 



1 

C* 



9 

c 


are derived. These formulae apply only to waves the amplitude of which 
is small relative to the length and, therefore, cannot be expected to be 
valid in all cases. 

Of the three interrelated quantities, c, T, and L, the wave period T 
can probably be most easily determined by using the method which was 
proposed by Cornish (1934) and which consists in recording the time 
intervals between appearances of a well-defined patch of foam at a suffi- 
cient distance from the ship. The same method can be used on the coast, 
where, in addition, the interval between breakers can be accurately 
timed. A simple device for recording the movement of a floater on a 
rotating drum has been used with success at the end of the Scripps 
Institution of Oceanography pier (Shepard and La Fond, 1940). At sea 
the wave length is mostly estimated on the basis of the ship’s length, but 
this procedure leads to uncertain results, because it is often difficult to 
locate both crests of the wave relative to the ship and because of di»- 
turbances due to the waves created by the movement of the ship. The 
most satisfactory measurements are made from a ship that is hove to. 
Another method consists in letting out a floater as a wave crest passes 
the stern of the ship and recording both the length of line paid out when 
the floater reappears on the crest and the angle that the hne forms 
with the heading of the ship. The velocity of the wave can be found by 
recording the time needed for the wave to run a measured distance along 
the ship. If the period is also determined, the wave length is found 
from the simple formula L = cT. 

A large number of measurements have been made at sea in order to 
establish the relationship between the wave period, the wave length, and 
the wave velocity. Critical examination of the methods employed has 
been made, especially by Cornish (1912, 1934), and a number of average 
results have been compiled by different authors. Table 68 contains 
one of the compilations made by Kriimmel, from which it is evident that 
the observed values are in fair agreement with the theoretical expectation. 

The longest wave periods observed at sea rarely exceed the value of 
13.5 sec, which Cornish reports from the Bay of Biscay. It has been 
established, however, that the swdl reaching the shore may have much 
longer periods and correspondingly longer wave lengths and greater 
velocities of progress. The longest period that Cornish has observed is 
about 22.6 sec, corresponding to a wave length in deep water of about 
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8S0 m and a veloci'ty of progress of 35 m/sec. This difference between the 
waves of the open ooean and the swells that reach the coast will be dealt 
with later on (p. 536). 

The theory of waves leads not only to a relation between velocity of 
progress end the wave length, but ^so to results concerning the profile 

Tabu 68 


OBSERVED AND COMPUTED VALUES OP VELOCITIES, LENGTHS, AND 
PERIODS OF SURFACE WAVES 


Region 

Wave velocity, 
m/seo j 

1 

Wave length, m 

Wave period, sec 

Ob- 

served 

Computed 

from 

Ob- 

served 

Computed 

from 

Ob- 

served 

Computed 

from 


T 

^2. 

B 

T* 

>2* 


9 

Atlantic Ocean 








M 


Trade wind region . . 

11.2 


mm 

65 


61 

5.8 

■n 

6.2 

Indian Ocean 










Trade wind region . 

12.6 

13.1 

13.7 

96 

88 


7.6 

7.3 

6.9 

South Atlantic Ocean 










West wind region. . . 

14.0 

15.5 

17.1 

133 

109 

163 

9.5 

8.6 

7.f 

Indian Ocean 










West wind region. . . 

15.0 

15 2 

13.7 

114 

125 

■Till 


8.0 

8.3 

China Sea 

11 4 i 

11.9 

12 4 

79 

72 

86 

6.9 

6.6 

6.3 

Western Pacific Ocean . 

12.4 

13.6 

14.7 

4XX2 

¥ 

85 

121 

1 

8.2 j 

i 

7.5 

6.9 


of the wave. These results are based on the concepts of classical hydro- 
dynamics and have been derived from the hydrodynamic equations, 
omitting friction but taking the boundary conditions into consideration. 
In an ideal fluid the free surface of the waves, according to Stokes’ 
results of 1847 (Lamb, 1932), very nearly take the shape of a trochoid — 
that is, the curve which is formed by the motion of a point on a disk when 
this disk rolls along a level surface. If the amplitude is small compared 
to the wave length, the trochoid approaches in shape a sine curve, but at 
great amplitude the crests become narrower and the troughs longer. 
Gerstner’s theory of 1802 leads exactly to the trochoid form, but Stokes 
has pointed out that this theory is not compatible with irrotational move- 
ment as generally assumed in classical hydrod 3 mamics. 

Stokes’ results lead to the conclumon that at increasing amplitude the 
wave form deviates more and more from the trochoid. Studies of the 
staUnty of waves by MicheU (Lamb, 1932) show that the wave becomes 
unstable if the angle formed by the crest approaches 120°, and that the 
smallest ratio of hdght to length is 1:7 (fig. 130). The velocity of 
progress of these waves is no longtar independent of the height; in the case 
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of the extreme Michell wave, it ia about 1.2 times greater thaw tJiat of 
waves of small amplitude. 

Accurate measurements of actual wave profiles would be very desirable 
in order to examine the correctness of the above-menUoned theoretical 



Fig. 130. True dimensions of steepest possible wave, according to Stokes and Michell. 


conclusions. Such actual measurements can be based on photogram- 
metric pictureSi but so far only a few such pictures have been evaluated. 
Fig. 131 (Schumacher, 1028) shows two profiles of the wave the topogra- 
phy of which was presented in fig. 129 and two profiles of other waves that 

HORIZONWO. OISTANCeS IN MCTCIIS 


102030405060708090100 



Fig. 131. Profiles of waves (vertical scale 5 X horiaontal scale) of waves derived 
from stereophotogrammetric pictures taken on the Meteor. The two lower profiles 
r^ef to the wave ^own in fig. 129; the two upper profiles refer to waves photographed 
on July 7, 1926. The waves proceed from right to left The dashed curves represent 
trochoids. 

were photographed on the Meteor Ebepeditdon. In the figure the trochoids 
are entered as dashed lines, and it is seen that these curves can hardly be 
considered as fitting the actual profiles with any degree of accuracy. 

The wave theory also leads to certain conclusions concerning the 
character of motion of individual water particles. In a wave that has 
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the form of s trochoid, the sini^e water particles will describe circles the 
radii of which decrease with increanng depth: 


r oe 

where, as previously, a is the amplitude of the wave, L is the wave length, 
and z is the depth below the undisturbed water surface. Each water 
particle describes a circle with radius r in the time T that represents 
the period of the wave. The velodties of the individual water particles 
are, then, 

2ir -a4 
i; = -sr oe 


These formulae are valid only when the amplitude of the wave is small 
relative to the length, but they may nevertheless be used for an approxi- 
mate computation of the greatest velocities encountered in waves. In the 
first columns of table 69 are given the periods, the corresponding wave 

Tabia 69 

VELOCITIES OF WATER PARTICLES AT DIFFERENT DEPTHS IN SUR- 
FACE WAVES OF DIFFERENT PERIODS, LENGTHS, AND HEIGHTS 


Wave characteriatica 


Period length 
(sec) 

Velocity 
of prog- 
ress 

(cm/sec) 

Length 

(m) 

1 

Height 

(m) 

0 m 

1 

2 m 

20 m 

100 m 

2 

312 

6 2 

0.25 

39 

5.2 

ra 

0 0 

4 

624 

25 

1 00 

79 

49 


0.0 

6 

937 

56 

2 00 

105 

85 

11 3 

0.0 

8. 

1249 

100 

5.00 

196 

173 

55 6 

0 4 

10 

1561 

156 

7 00 


203 

09 0 

4 2 

12 

1873 

225 

10 00 

211 

199 

114 0 

12.9 

14 

2185 

306 

12 00 

273 

262 

180 0 

35 0 

16. 

2498 

396 

10 00 

197 

190 

143 0 

40 6 

18. 

2810 

506 

8.00 

140 

136 

109 0 

40.5 

20. 

3122 

624 

5 00 

78 

76 

63 0 

28 4 


Velocity of partides in cm/aec at 
stated depths 


lengths and velocities of progress, and the assumed values of the heights 
of waves. It should be observed that the hdght equals twice the ampli- 
tude. The heights entered in the table reach approximatdb'’ the greatest 
hmghts observed for waves of stated periods up to 14 sec, and the last 
three lines of the table correspond to big swells. The last four columns 
of the table ^ve the velocities of the water at the surface and at the depths 
of 2, 20, and 100 m. The tabulated velodties correspond to the hdi^ts 












WAVES AND TlOeS 


529 


that are entered in the table, and at different wave heights tiie vdodity 
is altered proportionately. It is seen that the surface velocities can reach 
very appreciable values, up to 250 cm/sec or more, but in the ease of the 
shorter waves the velocity decreases very rapidly with depth and is 
negligible shortly below 20 m. In waves of periods less than 10 sec 
the wave motion is negligible below 100 m, in agreement with the previous 
conclusion (p. 620) that waves of periods below 10 sec retain thar char- 
acteristics as surface waves if the depth remains greater than 100 m. 

No measurements are available of the actual motion of water particles 
in waves. Experience in submarines has shown, however, that the wave 
motion decreases rapidly with increasing depth. Vcning Meinesx has 
availed himself of this fact and has been able to conduct observations of 
gravity at sea on board a submarine, making use of pendulums, which 
can be employed only when the motion of the vessel is small. 

Stokes’ theory leads to the conclusion that in waves of finite h^ght 
a small transport of water takes place in the direction of progress. A 
water particle moves in the direction of progress when it is above its 
mean depth, and in the opposite direction when it is below its mean depth, 
but, owing to the decrease of velocity with depth, it moves somewhat 
faster in the direction of progress than in the opposite direction. Conse- 
quently, after having completed one revolution in its orbit, the particle 
does not return to the point from which it started, but is advanced some- 
what in the direction of progress, meaning that an actual transport of 
water takes place in this direction even in the absence of wind (see U.S. 
Beach Erosion Board, 1941 ) 

The irregular appearance of the surface is not accounted for by the 
theories that have been mentioned so far, but a somewhat better under- 
standing of the pattern of waves is obtained when one takes into account 
the phenomenon of interference. Two surface waves that travel in the 
same direction can then be represented by the equations 

iji = ai sin (ffit — icii), iji = at sin (irrf — ***), 

and the actual appearance of the surface is obtained by adding the dis- 
placements due to the two individual waves. If the amplitudes are equal, 
one obtains 

If = 2a cos [H(vi — vt)< — 

- «*)*] sin + Vi'/ - M(«i + «»)*)• (XIV, 7) 

If the wave lengths differ by a small amount only, this new equation 
r^resents a wave whose length is the average of the two waves of which 
it is composed but whose amplitude varies between sero and 2a. At the 
locality where the two waves are in phase, the amplitudes are added, 
and a wave appears that has twice the amplitude of the two original 
waves, but, where the waves are in oppotite phase, the amplitudes cancel. 
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The free soifaee taJEes the eppeenace of a eequoiee of wave groups 
separated by recpoos trith practieally ao waves. The ease here is that of 
a ample iaterfereace, owiag to which the two iadividual waves are ao 
loager coasincuous but are replaced by a series of wave traios that appear 
to progress with a deftaite velodty: 

C K ~ at 

«!“"*» Cl + c* 


If the wave lengths are only slightly different, this Priority is very nearly 
equal to ^e, where c now represents the average velocity of the two inter- 



Fig. 132. Vppv curve: Record of waves at the end of the Scripps Institution pier, 
showing interference. Jfariddiseurve.'Gomputedpattemof waveinterferenoe. Jiower 
curve: Example of the ordinary tyi>e of records of waves at the Scripps Institution pier, 
showing very complicated conditiona. 

fering waves. Thus, the wave train progresses with a velocity that is 
only one half that of the single waves, which therefore advance through 
the wave trains. 

The upper curve in fig. 132, which is a reproduction of a record 
obtained at the end of the Scripps Institution of Oceanography pier, 
represents an example of interference of waves of nearly the same period 
length but of different amplitudes. In the middle portion of the figure 
are shown two rine curves, one of period 9.6 sec and amplitude 0.76 m, 
and one of period 8.7 sec and amplitude 0.32 m. The heavy curve 
presents the wave pattern that would result by interference between 
the two, and it is seen that this corresponds roughly to the observed 
pattern. The discrepancies are accounted for partly by the fact that the 
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record wm obtained abrat 300 m from the beach, where tiie dqy& to 
the bottom was approximatdy 6 m, for iriiich reasoa the waves were 
somewhat deformed, and partly by the fact that waves of shorter periods 
apparently were present. Such relatively dear-cut cases are rare, because 
waves of so many different periods are present that the resulting pattern 
of interfering waves is extremdy complicated. The lower curve in the 
figure ^produces a record which has been sdected at random and wluch 
shows isolated hi|d^ waves occurring at apparently irregular intervals. 

These considerations hdp to explain the occurrence of a sequence 
of hij^i waves followed by a sequence of low ones, but they do not explain 
the irregular pattern of waves tihat is called “cross sea.” Progress 



towards explaining the typicd cross sea, however, has been made by 
H. Jeffreys (Defant 1929). The waves that have been dealt with so 
far he called long crested, because the crest of the wave is long compared 
to the wave length. Mathematically speaking, it is assumed that the 
wave crests are of infinite length (see equation XIV, 2). Jeffreys has 
introduced the so-called short<rested waves, which can also travd without 
altering form and therefore bdong to tiie group of waves that are theo- 
retically possible. These waves can be represented by 

ij » 0 cos (<rf - Kx) COB it'y, (XIV, 8) 

where L' » 2r/ic' represents the length of the crests (fig. 133). This 
formula defines a series of waves that travel at a somewhat greater speed 
than the long-crested ones: 

</ ~Cyjl+^,. 

According to Jeffreys, the first waves that are generated by the weidrest 
winds must be long crested, but, when the wind increases in velocity, 
short-crested waves can be formed. The explanation here is that tlte 
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turbulmoe of the wind ia chnraeteriied by random motion not only in 
the direction of the wind but also at rifd^t angles to the wind. At high^ 
wind speeds the turbulent vdodties at right angles to the wind may be 
great enough to produce waves such that the original lo]:^;-cre8ted ones 
are broken or new short-crested ones are created. Short-crested waves 
can also be formed by the interference of wave trains that travel in 
slightly different directions. 

In table 68, only wave velocity, wave length, and wave period are 
listed, with no information as to the wave height. A large number of 
measurements of wave hdg^ts has been made b^ different methods 
which, although uncertmn, are considered more accurate than the meas- 
urements of wave lengths. The wave height can be found if a location on 
board ship can be sdected at which the tops of the waves appear level 
with the horison, in which case the wave height is equal to the eye height 
of the observer above the water line. Another method is based on the 
records of a delicate barometer, and still another that ^ves very accurate 
results makes use of photogrammetric measurements. 

The greatest wave heights observed in most oceans are about 12 m. 
Cornish gives a very vivid description of waves of such height during a 
storm that he experienced in the Bay of Biscay in December, 1911. On 
the day preceding the gale a heavy swell with a period of 11.4 sec and an 
average height of about 6 m came from the northwest. The wind, which 
had blown as a breeze from the southwest, changed during the night to 
west-northwest and increased in the morning to a strong gale with 
velocities up to 23 m/sec. The period «f the waves increased to 13.5 sec, 
corresponding to a length of 310 m and a velocity of progress of 21 m/sec, 
while the wave hdght increased to 12 m. There are many accounts of 
similar large waves. In a hurricane in the North Atlantic in December, 
1922, when the wind velocity probably exceeded 45 m/sec, one of the 
officers of the Majestic reported waves that averaged more than 20 m 
in height and reached a maximum bright of up to 30 m. It is probable, 
however, that these great wave heights refer to occasional peaks of water 
that may shoot up to elevations considerably above the general wave 
height. In the region of the prevailing westerlies of the Antarctic Ocean, 
wave hrights up to 14 or 15 m have been observed relatively often, but 
the average wave height lies much below these values. 

Growth and Dissipation op Wind Waves. It has long been realized 
that height, period, and profile of growing wind waves are dependent not 
only upon the wind velocity at the time of observation but also upon the 
length of time the wind has blown, the dtavAion of the wind; upon the 
stretch of water over which the wrind blows, the fetch; as well as upon 
the waves that were present when the wind started to blow. Neverthe- 
less, many attempts have been made to establish empirical relations 
between wind velocity on the one hand and wave height, wave velocity, 
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or wave steepness, H/L, on the other hand. For the “highest” waves 
produced by a given wind, Cornish (1934) obtained H = 0.48IF (wave 
height, H, in meters, and wind velocity, W, in m/sec), and Zimmerman 
(Patton and Marmer, 1932) obtained H = 0.44 IF, whereas Krttmmel 
(1911) concluded that the maximum wave heights are greater than those 
corresponding to a linear relationship. Rossby and Montgomery (1935) 
proposed the dimensionally correct formula 

H = 

g 

where the constant, 0.3, is a pure number which has been selected to fit 
the available observations. 

A similar confusion exists regarding the relation between the velocity 
of the “highest” waves and wind velocity, (’’ornish found c == 0.81F, 
whereas Zimmerman obtained c = 2.35 IF**. According to the latter 
equation the wave velocity is greater than that of the wind up to a wind 
velocity of 13.2 m/sec and is> smaller when the wind is above this-value. 
Cornish argues that the wave velocity cannot exceed the wind velocity, 
but numerous observations from the trade-wmd regions give wave 
velocities considerably m excess of the wind velocity (Kriimmel, 1911, 

p. 80). 

Regarding the steepneas, H/L, Cornish and Zimmerman both found 
it to decrease with increasing wind velocity, Schott found it to increase, 
whereas Krummel found it to be constant. 

Stevenson related the “highest” waves to the fetch by the widely 
quoted formula, H — y/F, where H is the greatest observed wave 
height in meters and F is the fetch in kilometers. Not only the wave 
height but also the wave velocity increases with increasing length of fetch. 
Bergen (KrGmmel, 1911, p. 73) related the wave height to the duration 
but had very few observations for determination of his constants. 

In an attempt to bring order out of confusion Sverdrup and Munk 
(1946) examined the growth of waves on the basis of energy considera- 
tions. Their analysis does not deal with the very first development of 
waves and is not applicable at wind velocities below about 6 m/sec. 
Furthermore, since the wind does not produce a simple train of waves but 
a spectrum of waves ranging from ripples to large billowing seas, 
the numerical relationships are adjusted to apply to the “significant 
waves.” These are defined as waves having the average height and 
period of the one-third higher waves, excluding ripples and waves of less 
than one foot. 

Exact heights and periods of the significant waves can be obtmned by 
laborious evaluations of continuous records. Experience so far indicates, 
hoTvever, that an observer who attempts to determine the characteristics 



WAVBS AND TIDES 


S94 

of the higher waves present toads to record values which approximate 
those of the significant waves. The following discussion applies, strictly 
q>eaking, to the significant waves, but for the sake of brevity these will be 
r^erred to simply as waves. 

Waves grow because energy is transferred from the wind to the waves. 
This transfer takes place by two processes: transfer by normal pressure as 
discussed by Jeffreys when dealing with the generation of waves, and 
transfer by the tangential stress of the wind. The latter process cannot 
be ne^ected. It enters because there is a net forwartjl transport of water 
associated with the wave motion (p. 529) and the stress therefore performs 
work which increases the wave energy. When dealing with the pure 
wind current it was shown (p. 498) that the corresponding work of the 
wind stress was used to overcome the effect of dissipation. 

The energy which is imparted to the wave is used in part to increase 
its height and in part to increase its velocity of progress. When this 
velocity is less than the wind velocity the wave receives energy from both 
tangential stress and normal pressure. If, however, the wave velocity 
exceeds the wind velocity the wave still gains energy by tangential stress 
but it loses energy by normal pressure (it encounters an air resistance). 
Finally, the increase in height by energy gained from the effect of the 
wind stress is completely compensated for by loss due to air resistance: 
The wave height then attains a maximum value: 



which nearly agrees with that of Rossby and Montgomery. 

This state will rarely be reached because the development of the waves 
is limited by the fetch or the duration. At a given wind velocity there 
ciMTesponds to any value of the fetch a certain duration, the minimum 
duration which is needed to develop the highest possible waves at the end 
of the fetch. If the duration is shorter than the minimum duration, the 
waves at the end of the fetch are still growing and their height and velocity 
depend upon wind velocity and duration only. If the duration exceeds 
the minimum the waves do not change with time and they depend upon 
wind velocity and fetch only. 

Figure 134 shows the relations between wave height and period, fetch 
and duration at a wind velocity of 15 m/sec. The heavy curve gives the 
wave height as a function of fetch when the wind has blown for a very 
long time. If the wind has blown for a given number of hours, the wave 
height as function of fetch is foimd by following the heavy curve until it 
intersects the horizontal line that corresponds to the given duration, and 
then by following this horizontal line. The change in wave hei^t with 
time at the end of a given fetch is found by following a vertical through 
the point on the abscissa which corresponds to the given fetch and by 
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reading off the wave heights at the points wheie this vertical intersects 
the horisontal ''hour” lines. In a similar manner, the dashed curves 
show the wave period as function of fetch and duration. 

Figure 134 illustrates the relationship between waves, wind, and fetch 
at one given wind velocity only. For practical purposes general repre- 
sentations have been prepared When using these to determine the 
waves that are generated by winds blowing over an ocean area it must be 
remembered that they are based on the assumption that a constant wind 
suddenly starts to blow over an undisturbed sea surface. In practice it 
is necessary to introduce average wind velocities and to take into account 
waves which may be present when the wind starts to blow. In spite of 
these difficulties and in spite of the often poor quality of the observed 
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Fig 134 -Growth of waves with fetch and duration at wind velocity 15 m/sec 

values the analysis leads to a system into which the available wave obser- 
vations can be fitted without the discrepancies of earlier compilations. 

The analysis also leads to the conclusion that the wave steepness 
depends upon the ratio of wave velocity to wind velocity, which has been 
called wave age "Young waves” are steep but "old waves” are flat. 
With c/ W = 0 4 the steepness, ///L, equals 1 ; 10 but with c/W ~ 1 .2 the 
steepness, 11 /L, equals 1 35. This conclusion is also borne out by the 
observations. 

When the waves leave the region of higl> -winds, the genercAtng area, 
they often travel long distances through regions of calms or variable 
wind before they reach a distant coast. In doing so they lose energy and 
decrease<in height because they encounter an air resistance. At the same 
time the velocity (period) of the waves increases. Cornish (1934) and 
others have attempted to prove that the wave velocity remains constant, 
but theoretical considerations and recent empirical evidence support the 
contention that a very noticeable increase takes place. 


^ WAV^ AND WeS 

Th, Aort« m,ye. a,y ^ reduced 80 mucll ill heigU tliat Ou. 
become insigoiScent but the longer waves decreflse Slowly And tr&vel ovo. 
long distances as aweU which becomes more and more regular the farthei 
it advances. The front of the advancing swell travels with "group 
velocity" which equals- one-half the phase velocity of the individual 
waves. This region is preceded by very long and low “forerunners." 
Sudh forerunners with periods up to 26 seconds and a length in deep 
water of up to 1060 meters have been recorded by means of sensitive 
pressure gauges off the coast of Cornwall, England.. 

Having established the relation between waves, v?ind, fetch, and dura- 
tion, and the laws according to which swell advances, it has become possi- 
ble by using weather maps of ocean areas to forecast the arrival of swell. 
Wind velocity and direction, fetch and duration are determined from the 
weather maps, the corresponding waves are foimd from one graph, and 
the changes in these w’aves as tliey advance as swell, together with their 
travel time, are obtained from a second graph. This method was devel- 
oped and used during World War II and can be expected to find numerous 
peace-time applications. 

Waves near the Coast. Breakers and Surf. When waves 
travel into shoaling water the wave period remains unchanged but the 
wave velocity decreases at a rate which depends upon the numerical ^ 4 aluo 
of h/L w^here h is the depth to the bottom and L is the wave length (see 
XIV, 3, p, 518). Since the period is constant but the velocity (L/T) 
decreases, it follows that the wavj> length decreases with decreasing 
depth. Observations have fully confirmed the dc3crease in w^ave velocity’ 
and wave length as predicted by theory, Ihe effect is negligible unless 
h,L is less than ' 2 ^ and it is therefore often stated that waves begin to 
"feel" bottom when the depth has decreased to one-half a wave length. 
For waves of periods 5, 10, 15, and 2^ seconds the corresponding depths 
are 19.5, 78, 175.5, and 312 meters, respectively When the ratio h/Loy 
where Lo is the length in deep water, is less than ^ 20 Ihe waves attain the 
characteristics of the w^ave type whic,h w’as called "long waves" but 
which, in this case, should rather be referred to as shallow'-water 
waves. 

If waves travel directly toward a straight coast off which the bottom 
slopes uniformly, the wave h(*ight, according to theory, first decreases 
slightly and then increases rapidly. Field observations have confirmed 
the computed increase but have not been sufficiently accurate to demon- 
strate the predicted decrease. 

The change in wave height is accompanied by a change in wave form, 
the crests become narrow and steep, and the troughs wide and fiat. 
Breaking of the waves takes place when the particle velocity at the cresf> 
exceeds the velocity of progress of the wave itself. When this occurs the 
wave form becomes unstable and the crest topples over. Short wind 
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WAves are nearly unstable in deep water and they therefore break shortly 
alter they have felt bottom, whereas long swell advances far into sh^low 
water before the crests grow steep enough to become unstable. There- 
fore, the surf caused by a local sea due to an onshore wind is irregular and 
choppy, whereas surf caused by long swell is characterised by long lines 
of nearly uniform breakers. 

Shortly before breaking, long swell attains the appearance of isolated 
crests which travel with a speed that depends upon the depth to the bot- 
tom only (XIV, 4, p. 519). The behavior of a single crest corresponds 
nearly to that of a solitary wave which breaks when the ratio of depth to 
wave height equals 1.28. Observations on uniformly sloping beaches 
show that for breakers related to swell the ratio depth to breaker height 
is on an average ectual to about 1.3, but varies in individual cases between 
1.1 and 1.5, indicating that individual crests may assume forms that 
differ from that of the solitary wave. Furthermore, abrupt changes in 
beach profile may lead to breaking in deeper water, very sleep storm 
waves break in deeper water, and extremely flat waves break in shallower 
water. There is little evidence of loss of energy due to friction before 
breaking takes place. On beaches of slopes between 1 :20 and 1 : 100 the 
maximum loss appears to be less than ten per cent of the original wave 
energy. 

When waves approach a straight coast at an angle the wave crests are 
turned, the part of a wave that first reaches shallow water is slowed down, 
with the result that the crest swings in toward the cuast and may advance 
nearly directly toward the coast before breaking. This oending or refrac- 
tion of the wave leads to a "stretching” of the wave crest and therefore 
to a reduction in wave height. On an irregular coast the refraction will 
lead to stretching of wave crests in some localities and shrinking in others. 
Local variation in breaker height is therefore closely related to the bottom 
topography, but the effect of this depends upon the direction from which 
the waves advance and upon their period. 

Certain phenomena that appear to be associated with breakers are 
not yet understood. The existence of undertow has not been satis- 
factorily explained, and is doubted by some observers (Shepard and 
La Fond, 1939). The rip currents which flow away from the coast 
through the breakers and which may carry swimmers far out from the 
beach also have not been fully explained, but it is probable that these 
currents are associated with surface transpiort of water against the beach 
by the waves (Shepard el al, 1941). 

The destructive effect of breakers has been the subject of intensive 
studies, particularly by enpneers, but cannot be discussed here. Inter- 
ested readers are referred to some of the general works that are intduded 
in the list of literature. 
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Standing Waves in Bats. Seiches. In bays, standing waves may 
develop which are Mwiilar to the oscillations in lakes. These waves are 
known as mehes, and were first studied by Forel (Defant, 1929; Thorade, 
1931) in the Lake of Geneva. They are free oscUlations of a period that 
depends upon the horisontal dimennons and the depth of the lake and 
upon the number of nodes of the standing wave. The wave length will 
be of the same order of magnitude as the length of, the lake, and, as the 
length of a lake is usually great compared to the depth, the waves will 
have the character of long waves. 

A long wave that proceeds in water of constant depth in the positive 
or negative x direction must satisfy the equations of motion and ccm- 
tinuity in the form (p. 425 and p. 432) 


dv, _ ^ ^ — jL 

dt ~~m " dx’ dt ~ dx’ 


(XIV, 9) 


if frictional forces and the deflecting force of the earth’s rotation are 
neglected. Here dv,/dt has been replaced by dv^ldt, because in the case 
of a long wave dv,/dx can be considered a small quantity. The vertical 
displacement of the surface is called q, and dn/dx is therefore the inclina- 
tion of the free surface. Introducing the horizontal displacement one 
has s, = di/dt, and the above equations take the form 

5? = -'S’ " '--‘S' 


These equations are satisfied if 


{ * tt sin 




tf = 4-aA-cos 
c 


(<rt±^x + e), 


(XIV, 11) 


where the velocity of progress of the wave, c = v/k, is equal to Vff^- 
Equations (XIV, 11) define two waves that progress in opposite direc- 
tions. The equations of motion are therefore also satisfied by a super- 
position of two waves that proceed in opposite directions and for which 
the velocity of progress is c: 


f = fi + {s = 2o sin ^ X cos (vI -H *) (XIV, 12) 
c 

and 

s * ni + »»* - — 2ak - cos - x cos («r< + «). (XIV, 13) 
c c 

For a free osdUation the antinodes of a wave in a closed badn must 
be located at the ends of the hssin. where nnlv vertical motion can exist. 
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If the lenglh of the bean is 2 and is measured from » = 0, the boundary 
conditions can be written x ^ 0, | » 0, and x » 2, S — 0. The first 
condition is fulfilled by (XIV, 12), and the second is fulfilled if the period 
of osdllation is such that 

U^nr, 


where n is a pomtive integer greater than sero. 


r == y/nh, 


7 - _ 1 22 


Because <r 


2t/ 7' and 
(XIV, 14) 


It is readily seen that n is the nrunber of nodes of the standing wave. 
The standing wave of the longest period is the one that has only one 
node and the period 

Ti = ~ (XIV, 15) 

Vgh 


This relation, derived by J. R. Merian in 1828, is known as “Mcrian’s 
formula.” In fig. 128, (p. 517), is shown a standing wave with two nodes. 

In applying this very simple theory to actual oscillations of the water 
in lakes, considerable modifications must be made, because the shape of a 
lake deviates very much from that of a rectangular basin of constant 
depth. Crystal (Defant, 1925) has developed the theory of standing 
waves in basins of different shapes, and more recently Defant (1925) has 
introduced a convenient method of determining the possible periods of 
oscillation in lakes by means of a numerical integration of the hydro- 
dynamic equations. Defant’s method can be directly applied to lakes 
or bays of any shape and permits the computation of periods, the relative 
magnitudes of vertical displacemuits, and the position of nodal lines. 
Defant's reasoning as presented in his book of 1929 will be briefiy sum- 
marized here. 

In a basin of variable width 6, and variable cross-section area S, the 
equations of motion and of continuity can be written in the form 


_ _ di? 1 a(S0 

dt* ^ dx ’’ b dx~’ 


(XIV, 16) 


The vertical and horizontal displacements arc supposed to vary 
periodically: 

f = f(x) cos ^ 2, v * ij(x) cos Y (XIV, 17) 


Replacing the differentials in equation (XIV , 16) by the small quantities 
and Ari, one obtains 


A«i 




Ax{, ( 


-i/' 


ff>dx. 


(XIV 18) 
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Tbeee equAtiooB can be used for a stepwise computation of the displace" 
meats if it is possible to determine independently an approximate value 
of the period of the free oscillatioiu. If then one cross section after 
another is conridered, and if these cross sections are placed close together, 
it can be assumed that the chaixges of the displacement from one cross 
section to the next are linear, in winch case equation (XIV, 18) can be 
written 


I {i + {» 
Vt = Vl + tx — 5 — > 


f* » - 




(XIV, 19) 


gt — <ii -\ 5 — «»*, 


where a = {itr^/gT*)Ax and where the quantities indicated by subscript 1 
and subscript 2 represent the values for two successive sections, and 
where v, is the surface area of the sea between the sections t — 1 and i. 
The quantity 90 is equal to zero. 

The period T for any given basin can be computed in the following 
manner. First, an approximate value of T is found by means of formula 
(XIV, 15), introducing the average depth of the basin. The result ii^an 
approximate value of a. At the end of the basin at which the computa- 
tion begins (x » 0), the horizontal displacement must be zero, and for 
the vertical displacement an arbitrary value can be selected In this 
manner the boundary condition at the<one end is fulfilled. By means of 
equation (XIV, 19), one can now, step by step, compute the displace- 
ments for all cross sections of the basin, and, if the approximate period 
that was derived by means of formula (XIV, 15) is correct for the simplest 
seiche, the computation must give the value ( = 0 at the other end of 
the lake in order to fulfill the boundary condition. The computed Value 
will usually differ from zero, and hence it is necessary to select another 
value of the period and to repeat the entire computation. If this new 
value does not lead to a correct result, one has to select a third one, but 
as a rule it is possible to select the first two values of the period in such 
a way that the correct one lies between them and can be determined by 
suitable interpolation. The final result will give relative values of the 
displacements and the exact locations of the nodal line. In a similar 
manner, one can find the period of an oscillation with two nodal lines 
and fix their location. Figure 135 shows the computed displacement of 
seiches in Garda Lake, according to Defant. 

So far, only lakes have been considered. In a bay that is in open 
conununication with a large body of water, horizontal flow can take place 
throuf^ the opening. For a rectangular bay the simplest form of a 
standing wave will be that which has a nodal line across the opening and 
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an antinode at the closed end of the bay. Therefore the total laigth 
the bay is occui»ed by only one fourth of a wave length (fig. 128 ), a: 
the corresponding period is 



(XIV, 2 


Standing osdllations of shorter periods are also possible, but one of t 


nodal lines must always be 
located at the opening of 
the bay. 

If the opening of the 
bay is very wide, it is 
necessary to introduce a 
correction that increases 
the period. The increase 
is 32 per cent, according to 
Rayleigh (Thorade, 1931 ), 
if the width of the bay 
equals the length, but is re- 
duced to about 10 per cent 
if the width is one tenth of 
the length. Actual experi- 
mental venfication of this 
theory has not been ob- 
tuned. 

In a canal that is open 
at both ends, standing 
waves can also be present, 



but these must be such p,g 135 Osnll&Uons of the Garda Lake 
that nodal lines are located according to Defant. Relative values of tht 

at the two opemngs of the ;:'^rtical and hon/ontal amphtud^ a« indicat^ 
\ ^ by 17 and ( Upper curves marked A show th€ 

canal. The longest possi- oscdlation with one node of period Ti * 39 { 


ble period of a standing minutes, lower curves marked B show oscillation oi 
oscillation is therefore the r, - o mmuies 


same as the period of a lake of similar shape, but in a lake anUnodet are 
located at the ends of the lake, whereas in a canal nodes are found at the 


ends. 


The period and the character of the oscillation in bays or canals can 
be found by Defant's method, taking the proper boundary conditions 
into account. In a bay the vertical displacement must be equal to zero 
at the opening, and in a canal it must be equal to zero at both openings. 

Sdches occur commonly in bays, as is evident from records of tidal 
gauges in such localities. Studies of oscillations in bays along the coast 
of Japan have been conducted by Honda, Terada, Yoshida, and Isitarn 


542 


WAVES AND TIDES 


(Defant, 1929), have examined records of tidal gauges and have c(m> 
ducted experiments on models. Such experiments have given results in 
good agreement with observations in cases where the computation of the 
posable osdllations is difficult, owing to the complicated configuration of 
the baains. Figure 136 shows the streamlines of a possible oscillation 
of the waters in San Francisco Bay according to the experiments by 

Honda et of. This oscillation, which 
is characterised by two nodal lines, 
one near the Golden Gate and one 
running north-Sbuth across the San 
Francisco Bay, appears to be eaaly 
produced and has a period of 38 to 
48 minutes. 

The causes of such oscillations 
are not fully understood. It should 
be observed, however, that only a 
small amount of energy is needed for 
producing standing oscillations in a 
body of water and for maintaining 
them. Very weak periodical vari- 
ations in wind or barometric procure 
may therefore produce seiches if 
these variations are of a period 
length corresponding to one of the 
possible free oscillations. It has 
also been shown by J. Proudman and 
A. T. Doodson (Defant, 1929) that a 
sudden change of wind or a rapid variation in pressure may cause oscillsr 
tions that will gradually die out because of friction. 

Seiches do not appear to he confined only to bays, but occur fre- 
quently on practically open coasts. As an example, Patton and Maimer 
(1932) mention that at Atlantic City, on the open coast of New Jersey, 
heavy winds will frequently bring about a seiche oscillation with a period 
of about 15 minutes. They assume that this seiche represents an oscilla- 
tion of some part of the wide embayment of the coast between Nantucket 
Island and Cape Hatteras. The theory of such seiches has been devel- 
oped by Hidaka (1935). 

Destkuctivb Waves. The waves that occasionally inundate low- 
l 3 ring coasts and cause enormous damage are considered here, although 
they are commonly known as “tidal waves.” However, they have 
nothing m common with the tides, but the name “tidal wave” has become 
so firmly established in the English language that the popular use will 
probably be continued in spite of the unfortunate confurion to whidx it 
pves rise. The destructive) waves known as tidal waves are caused by 



Fig. 136. Oscillation with three 
nodes in San Francisco Bay, according to 
experiments by Honda, Terada, Yoshida, 
and Isitani 
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earthqvakM or bjr severe stonns blovrmg against the coast, for which 
reason it is necessary to distinguish between earthquake waves and storm 
waves, the former bang real waves and the latter being not even related 
to waves. 

Waves in the sea caused by earthquakes are of two different types 
In the first place a submarine earthquake may produce lonfptudinal 
oscUlations that proceed at the velocity of sound waves. When reaclung 
the surface, such longitudinal oscillations will be felt on board a ship as 
a shock that violently rocks the vessel. The shook may be so severe that 
the sailors believe their vessel has struck a rock, and several such reported 
“rocks” were indicated on early charts in waters where recent soundings 
have shown that the depth to the bottom is several thousand meters. 
There are many ship reports dealing with shock waves, particularly from 
regions in which seismolopoal records .show that submarine earthquakes 
are frequent. Explosion waves of this character usually occur as inde* 
pendent phenomena, but occasionally they are accompanied by the 
release of large amounts of gases that rise toward the surface and may 
lift the surface up like a dome, thus producing a transverse wave that 
behaves like any other gravitational wave. Observations of this kind 
of waves are rare, but it is possible that ships which have been lost at sea 
have been completely destroyed by such enormous disturbances. A 
wave of this nature spreads out from the place where it is formed and 
decreases in amplitude By the time it reaches the coast, it has usually 
become so reduced that it does not cause much damage. 

Destructive waves caused by earthquakes, dislocation waves, or 
“tsunamis” are in general associated with submarine landslides which 
directly create transverse waves These waves may reach enormous 
dimensions both in the open sea ani near the coasts, and they proceed as 
ordinary long gravitational waves Many records exist of such waves 
which, near their origin, have caused enormous damage by completely 
inundating low-lying areas and which have subsequently traversed the 
entire Pacific or Atlantic Ocean. Thus, the great damage caused by the 
earthquake at Lisbon on November 1, 1755, was miunly due to the gigantic 
wave which was set up and which continued across the Atlantic Ocean, 
reaching the West In^es as a “tidal wave” 4 to 6 m Mgh. In Japan, 
similar earthquake waves have on many occasions brought great destruc- 
tion and have led to the loss of many lives. As an example, it may be 
mentioned that in 1703 more than 100,000 persons lost thdr lives when 
the coast of Awa was flooded. Among the most discussed waves are 
those that accompanied the eruption of the volcano Krakatao in the 
Sunda Strait on August 26 and 27, 1883. Several waves occurred after 
the different eruptsons, and the highest ones caused great devastation on 
some of the East Indian Islands, where more than 36,000 persons lost 
thar lives and where the waves in certain localities must have reached a 
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of 35 m. These waves did not enter the Padfic Ocean, but crossed 
tile Indian Ocean and could be traced up the Atlantic Ocean, where they 
were recorded as far north as the English Channel, having traveled a 
distance corresponding to half the circumference of the earth in 32^ hours. 
In the English Channel thdr height had decreased to a few centimeters. 

These waves proceed, as already stated, as long gravitational waves 
and their velocity of progress should therefore, over a uniform bottom, 
be equal to y/^. Where the depth to the bottom is variable, the velocity 
of progress will be somewhat less than y/ghm wherq hm is the average 
depth, but it has been found that the velocity of progiess is smaller than 
should be expected even if variations in depth are considered. In spite 
of this circumstance, the study of the rate of propagation of these waves 
served to give an idea of the average depth of the ocean prior to the time 
of deep-sea sounding. Thus, in 1856, A. D. Bache computed the average 
depth of the oceans to be about 4000 m, whereas Laplace had assumed 
an average depth of about 18,000 m. 

The period length of tsunamis varies between 15 and 60 minutes 
(KrUmmel, 1911, Gutenberg, 1939). Where the depth to the bottom is 
200 m, the velocity of progress of a long wave (V^) is 44.2 m/sec, and 
with a period length of 30 minutes the wave length is 79.5 km. The 
corresponding maximum particle velocity is independent of the wa^e 
period and equals tro/h (P- 565), where i;o is the amplitude of the wave 
and h is the depth to the bottom. With the above numerical values the 
maximum particle velocity becomes equ&l to 0.22iro. The energy of the 
wave per unit area of the surface is Hono*, and, thus, equal to that of 
surface waves or tides of the same amplitude. 

Destructive “waves" caused by wind are of an entirely different 
nature. In this case one has to deal, not with the effect of a wave, but 
instead with inundations which are caused by the ocean waters being 
swept up against the coast by violent storms. Abnormally high water 
levels caused by strong winds are frequent on many coasts, but fortu- 
nately the sea level rarely rises so much that great damage occurs. The 
most destructive storm “ wave ’’ known in the history of the United States 
is that which practically destroyed Galveston on September 8, 1900. 
A West Indian hurricane approached the coast of the Gulf of Mexico, 
where at Galveston the barometric pressure fell from 996.2 millibars, 
(29.42 inches) at noon to 964.4 millibars (28.48 inches) at 8:30 p.m. At 
the same time the wind velocity increased to 45 m/sec (100 miles per 
hour) at about O.^X) p.bi., when the anemometer was broken to pieces. 
It has been estimated that the average wind velocity between 6:00 and 
8 :0p p.M. must have been about 55 m/sec, or 120 miles per hour. During 
the day of September 8 the water rose steadily but slowly until the vdnd 
had reached hurricane force, when a much more rapid rise took place. 
In the evening the water level was nearly 5 m (15 feet) above mean high 



WAVIS AND TIDES 


54S 


wato-, and large diatiicts of the dty were flooded. Nearly 6000 ponoas 
were drowned, and the piop^y damage ran into tens of millions of 
dollars. 

The hurricane that on September 21, 1038, struck the coast of New 
England brought an even higher water level in many localities, but did 
not cause so much loss of life. At Buszard’s Bay the hipest water level 
ranged from 4 to 5 m above mean low water, and at Fall Biver it was 
reported that “the water came up rapidly in a great surge,” rising to 
about 6 m above normal. More than 600 persons lost their lives in the 
hurricane, and the property damage was estimated at $250,000,000 to 
$330,000,000, although only part of this damage was due to destructive 
waves (Tannehill, 1938). 


Tides 

The longest waves known in the ocean are those associated with the 
tidal movement, which manifests itself on the coast by the rhythmic rise 
and fall of the water and, particularly in sounds and narrow straits, by 
the regularly chan^ng tidal currents. The wavelike character of the 
phenomenon is readily recognized by means of an automatic tide gauge, 
which records the actual sea level as a smooth curve with alternating 
maxima and minima. It is also recognized in connection with tidal 
currents in a strait, because these currents show a regularly alternating 
motion characteristic of waves. The rise and fall of the water and the 
accompanying currents should therefore be dealt with together, because 
they are only different manifestations of the same phenomenon. How- 
ever, for practical reasons, it is of advantage to deal with them sepa- 
lately and, following common usag** in English, to refer to the rise and 
fall of the water as the “tide,” and to the accompanying currents as 
“tidal currents ” 

Since a knowledge of tides is of particulai value to navigation, there 
exists an enormous literature dealing with the phenomenon, partly in 
the form of theoretical studies, partly in the form of extensive series of 
observations and discussions of them, and partly in the form of popular 
treatises. The tidal currents have also been dealt with extensively, 
although they are less readily observed than the tides and even more 
difficult to examine theoretically. The literature on tidal currents, how- 
ever, is also very large. Only a brief outline of the tidal theories 
and of the character of tides and tidal currents will be presented here. 
(Reference made to Darwin, 191 J; Kriimmel, 1911; Manner, 1932.) 

TiDB-PnoDirdiNQ Forces. 'Hdes are caused by the attraction of the 
moon and sun. In a pven locahty the tide is of a complicated character, 
but any tide can be shown to conast of a number of partial tides, each of 
which is related to the motion of the earth relative to the moon and the 
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suQ. In order to show the existence of these tides, it is necessary to 
discuss the character of the forces that produce tides. 

Cionsidering the moon and the earth only, let the mass of the earth 
be equal to unity, and the mass of the moon equal to m. The gravita- 
tional attraction of the moon at the center of the earth is then propor- 
tional to tn/r*, where r is the distance from the center of the moon to the 
center of the earth (fig. 137). This distance remtuns constant, on an 
average, and the attraction of the moon on the earth must, therefore, 

EARTH 



Fig. 137. Schematic representation of the gravitational attraction between the earth 
and the moon and the centrifugal force which balances the attraction. 

on an. average, be balanced by a centrifugal force that is directed away 
from the moon and is also proportional to nt/r*. • 

The centrifugal force acting on any particle on the earth is the same, 
but the attraction of the moon varies. Consider a point at the surface 
of the earth lying on the line which j^ins the centers of the two bodies. 
At tMs point the attraction of the moon is proportional to m/ (r — p)*, 
where p is the radius of the earth. The difference between the attraction 
of the moon at this point and the centrifugal force is proportional to 
’»/(*■ — py ~ tn/r\ or to 2tnplr*, because p/r is a small quantity. The 
numerical values are m = 1/81.46, r = 60.34p. Owing to this difference 
the moon’s attraction tends to raise the surface of the earth at the point 
under contideration, but at the same point the attraction of the earth 
acts and is proportional to 1/p*. Thiis the ratio between the disturbing 
force of the moon and the attraction of the earth is equal to 2mp*/r* — 
1.176 X 10~*. The attraction of the earth, on the other hand, equals 
the acceleration of gravity, and thus the tide-producing force of the moon 
is only about 1.176 X 10~* times the acceleration of gravity; that is, at 
the point under contideration the acceleration of gravity is reduced by the 
amount 0.000115 cm/sec*. 

Consider next a point at the surface of the earth but opposite to the 
moon. At this point the attraction of the moon is less than the centrifugal 
force and is proportional to fn/(r -t- p)*. The disturbing force is again 
found from the difference 

m m 
fr -I- p)> “ r* 


— 2 »» 4 ’ 
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where the minus sign indicates that the force is directed away Diom the 
moon. Thus, the disturbing force is ot the same magnitude as the one 
that was first considered. It is also directed away from the center of 
the earth and reduces the acceleration of gravity at that point by 
0.000115 cm/sec*. 

Now take a point at the surface of the earth at right anjdes to the fine 
imning the centers of the moon and of the earth. At this point the 
attraction of the moon is of the same magnitude as the attraction at the 
center of the earth, m/r\ but is directed, in fig. 138, along the line PM. 




Fig 138. (A) Schematic representation of the tide-producing forces in a plane 
through the Ime joining the centers of the earth and the moon (B) Distnbution of 
horizontal tide-producing forces over the ear..b (according to G H Darwin). The 
moon IB at remth above the point marked Z. 

'rhe centrifugal force is parallel, however, to the line BM, and the result- 
ant of these two forces is directed toward the center of the earth and is 
proportional to tnplr*. In this case the disturbing force leads to an 
increase in the acceleration of gravity of 0.00058 cm/sec*. 

If a point were selected at random on the surface of the earth, one 
would find that generally the disturbing force forms an angle with the 
surface of the earth different from 90° and can therefore be considered 
as having a vertical component and a horizontal component along the 
earth's surface (fig. 138). The complete theory leads to the following 
equations for the vertical and horizontal components of the disturbing 
forces: 

Vertical component: 3ni^ 

Horizontal component: 3»» ^ sin 9 cos 6. (XIV, 21) 

Here 9 is the angle between the line joining the centers of the moon and 
the earth and the line from the center of the earth to the point on the 
earth’s surface that is being considered. In fig. 138 are shown, according 
to G. H. Darwin (1911), the distribution of the horizontal components 
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tile di^oibiiic foroes oyer the lurfftce of the earth and thdr rdative 
macnitudei. 

Exactly wmihur reasoning can be applied if one conmders the sun and 
the ewth, but for numerical computations the mass of the son and the 
distance ^tween the sun and the earth must be entered. Using the same 
units as before, one finds that the mass of the sun is equal to 333,400 and 
that the distance is 23,484/>. With these values, one finds that the 
TnftT tiimiTn tide>producing force of «he sun is only about 0.46 times that 
of the moon. Ibe greater distance between the sun and the earth more 
than balances the effect of the greater mass of the sun. 

By considerations of this nature, it is easily shown that no other 
heavenly body can produce tides on the earth. The closest planets are 
too small to ^ve any effect, and the large planets are too far away. 

The motion of the sun and the moon relative to the earth is so compli- 
cated that the system of tide-producing forces changes greatly in the 
course of time, but the patterns are repeated in regular sequence. 

From the graphs in fig. 138 it is seen, for instance, that the field of 
the moon’s tide-producing forces is symmetrical with respect to the poles 
of the earth if the moon stands above the Equator— that is, when the 
declination of the moon is zero. In this case, when the earth rotates 
around its axis, the components of the tide-producing forces will in all 
latitudes show two equally high maxima and two equally low minima 
during 24 lunctr hours, a period that represents the time interval between 
two culminations of the moon, or 24,84 solar hours To an observer on 
the earth the field of tide-producing fbrees appears to rotate around the 
earth in 12 lunar hours. The declination of the moon varies, however, 
during one month from about 28°S to about 28°N, meaning that at the 
greatest southern declination the moon passes through zenith in about 
lat. 28**S, and at the greatest northern declination the moon passes 
through zenith in about 28°N. In these positions of the moon the field 
of tide-producing forces is no longer symmetrical with respect to the 
poles of the earth. At the Equator the two diurnal maxima of the tide- 
producing forces still remain equal, but in all other latitudes one of the 
marima will be less pronounced than the other during a complete revolu- 
tion of the earth. To an observer on the earth the field appears to be 
composed of two fields, one that rotates twice in 24 lunar hours, and one 
that rotates once in the same time. Instead of continuing these reason- 
ings, which would become very involved owing to the many variations 
in the relative potitions of moon, sun, and earth, one can arrive at a 
complete picture by introducing a series of fictitioiu heavenly bodies that 
will each bring about a synunetrical field of tide-producing forces and by 
considering the total field as composed of all of these partial fields. 

Assume first that there is an ideal moon that always remains in the 
equatorial plane and at any locafity passes the upper meridian at inter- 
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vals of 24.84 houn, or one lunar day. Aa already stated, the field Of 
tide-prodadng foroee due to such a moon would be symmetriind in respect 
to a plane through the poles of the earth. Rdative to an observer <m tiie 
earth, this fidd would have identically the same appearance after one hdf 
lunar day, or after 12.42 hours. The observer could represent the hori> 
zontal and vertical components of the tide>producing forces by means of 
equations of the type / = F sin (nl — «), where F would be the ampli* 
tude of the tide-producing force, n would represent the so-called angular 
velocity of the tide, and k would be a constant depending upon the value 
of / at the time I o. One hour is used as the unit of time, and, since 
the period in this case was 12.42 hours, the angular velocity will be 


n 


360“ 

12.42 


28.984“. 


Similarly, one could introduce other fictitious bodies, but the resultant 
angular velocities of the principal components of the tide-producing 
forces can all be derived from a small number of characteristic velocities: 


1. The angular velocity of earth relative to the stars, g ** 15.0411“ 

2. The angular velocity of the rotation of the moon around the earth, 
s = 0.5490“. 

3. The angular velocity of the movement of the long axis of the 
elliptic orbit of the moon, which completes one rotation in 8.85 
years, p = 0.0046“. 

4 The angular velocity of the motion of the earth around the sun, 
e = 0.04107“. 

The angular velocities of the different components which together 
form the actual field of tide-producing forces can be obtained by com- 
binations of these. Thus the angular velocity of the field due to the ideal 
moon that was first considered is 2(^ — «) = 28.984“. 

The complete analysis makes it postible to compute coefficients that 
are related to the intensities of these different partial fields. The signifi- 
cance of these coefficients will be explained. Analysis of tides shows that 
to these partidl Jidda there are corresponding partial tides that have all 
received characteristic names and symbols. Table 70 contiuns the names 
of ihe more important semidiurnal, diurnal, and long-period partial tides, 
their symbols, their periods and angular velocities, and thdr so-called 
coefficients. 

Thus, the components of the tide-producing forces in a pven latitude 
can be represented by equations of the form 

P «» Ma(p) sin I2(g — s)l — *i] + St(v>) sin [2(g — e)t — kJ 

-f- KtM sin [2gt - «,J + • ■ • (XIV, 22) 

4- sin t(g - 2s)t - + Ki(v) an (flt - ic*+il -t- • * - . 
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We write SaM, and so on, in order to indicate that the com' 

ponents of the tide>produdng forces are functions of latitude. It riiould 
he borne in mind that we are so far dealing with forces which, referred 
to a coordinate system on the earth, have three components, one vertical 
and two horizontal, and that equation (XIV, 23) tells only that each of 
these components can be represented as a sum of harmonic terms, the 
period lengths of which are determined by considering the relative 
motions of moon, sun, and earth. The next question is how these forces 
bring about the tides. 

Tablb 70 


MOST IMPORTANT COMPONENTS OF THE TIDE-PRODUCING FORCES 
(According to Schuremsn, 1024) 





1 Anjsular velocity 


Name of corresponding 

« 1 1 

Period 



Coeffi- 

partial tide 

Symbol 

1 

m hours 

Symbol 

In degrees 
per hour 

cient 

Slmidiurn\l 






Prmcipal lunar 

Ml 

12 42 

2(g - s) 

28 9841 

4543 

Principal solar 

s, 

12 00 

2(ff - e) 

30 0000 

2120 

Larger lunar elhpt ic 

N. 

12 66 

2g — 3« -f* p 

28 4397 

q^so 

Luni-solar 

Diurnal: 

K, 

11 97 

20 

30 0821 

0576 

Luni-solar 

K, 

23 93 

0 

15 0411 

2655 

Prmcipal lunar 

, Ox 

25 82 

g — 2s 

13 9430 

1886 

Prmcipal solar 
Long-period. 

P» 

24 07 

q -2^ 

14 9589 

0880 

Lunar fortnightly 

M{ 

327 86 

2« 

1 0980 

0783 

Lunar monthly 

M„ 

601 30 

6 - P 1 

1 0 5444 

0414 

Solar «ieim-ann\ial 

8.. 

2191 43 

2^ ! 

0 0821 

1 1 

0365 


THGORibS OF Tides. In the preceding section the tide-ptoducing 
forces were discussed, but no reference to the actual tides was made 
except in the content of table 70, in which were listed the partial tides 
001 responding to the more important tide-producing forces Two differ- 
ent theories have been advanced as to how these forces can bring about 
tides, of which the first, the equilibrium theory, is mainly of lustorical 
interest and has been replaced by the dynamic theory The equihbnum 
theory, which was first developed by Newton, is so often referred to, 
however, that its principles should be mentioned. 

Assume first that the rotation of the earth relative to the moon is 
such that the some tide of the earth always faces the moon. In this 
ease the field of tide-producing forces, which was derived on p. 547 and 
shown in fig. 138, would remain stationary relative to the earth. The 
tide-producing forces would lead to a permanent reduction of the accelera- 
tion of gravity at. the ptints of the earth nearest to and farthest away 
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from tire moon, and to a permanent increase of the acceleration of gravity 
in tile plane at rig^t an^es to the line jraning tiie centers of the two bo(he8. 
If the earth were completely covert by water, the free surface of the 
water would be in equilibrium only when rais^ slightly at the pcwts 
nearest to and farthest away from the moon and when lowered sh^tly 
halfway between these two points. 

Since the reduction of the acceleration of gravity at the points nearest 
to and farthest sway from the moon is 2mp/r*, the value of the accelera- 
tion of gravity is in the same units: 1/p* — 2mp/r*. This reduced value 
is found at a small distance h above the undisturbed surface, where the 
acceleration of gravity is l/(p -f h)* = 1/p* — 2h/p*. Therefore 

A s mfL s= 35.g yni. 
r* 

If at the point nearest to and faithest away from the moon the undis- 
turbed surface were raised to this hei^t, there would be equilibrium, 
and the greatest elevations of the new equilibrium surface above the 
undisturbed surface would be 35 6 cm. Similarly, the greatest depres- 
sions would be half that amount, or 17.8 cm. 

The equilibrium theory assumes that these flood protuberances ai'e 
actually formed and that the highest pottions of the protuberances lie 
at the points nearest to and farthest away from the moon. However, 
the earth does not always have the same side turned toward the moon, 
but rotates relative to the moon once in 24.84 hours. Each flood pro- 
tuberance therefore appears to travel once around the earth in 24.84 
hours, and, because tWe are two protuberances, the time interval 
between the passages of flood protuberances will be 12.42 hours. Similar 
flood protuberances will be caused by the sun and by the irregularity of 
the motion of the moon and the sun, and the actual tides should appear 
as the combined result of such a series of protuberances, the heists of 
which would be proportional to the coefiidents in table 70 The obvious 
criticism that can be directed at this theory is that the movement of a 
flood protuberance over the surface of the earth cannot take place unless 
water masses actually change position, but consideration of tlie move- 
ment of the water has been completely disregarded. Other objections 
to the theory need not be discussed here. 

The dynamic theoiy is based on the fact that only the horizontal tide- 
producing forces are of importance to the movement of the water. The 
vertical tide-producing forces are unimportant because they can be con- 
tidered as consisting of very small periodical variations of the acceleration 
of gravity. It has previously been shown that the chstance between 
isobaric surfaces in the sea depends upon the acceleration of gravity, and 
it is evident that variations of the latter must lead to variations of the 
distances between isobaric surfaces. Where the depth to the bottom is 
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about 5000 m, the variations in gravity due to tiie tide-produdng forces 
would, however, lead only to a marimum variation of about 0.086 cm in 
the distance between the sea surface and the 6000-decibar surface. IKnce 
this variation is far too small to be observed as a tide, the horisontal tide- 
produdng forces must be conddered. The problem then condsts in 
determining what types of motion in the oceans will arise under the 
influence of periodically varying horuontal forces that are ^tributed 
over the ocean in a given manner. From this pdnt of view the tides 
must be conddered as waves that are induced by rhythmical forces and 
therefore have the same periods as the forces. 

The general equations of the dsmamic theory, which were developed 
by Lagrange, lead to problems mathematically so difficult that they have 
not yet been solved so far as the tides of the oceans are concerned. 
Instead, the application of the dynamic concept has followed two differ- 
ent lines. In the first place, the theory of tides in basins of defined 
geometrical shape has been developed, particularly by Proudman and 
Doodson; in the second place, tides in natural banns have been studied 
mainly by Steraeck and Defant by methods of numerical integration of 
the hydrodynamic equations. Both methods have helped toward an 
understanding of the observed phenomena, but here only the latter 
approach will be dealt with, because it leads to direct compariAans 
between theoretical results and observed conditions, and because it does 
not require any lengthy mathematical presentation. 

Udes in relatively small bodies water that are in communication 
with the open sea have much in common with seiches, and can therefore 
be discuss^ in much the same manner. The tides, however, differ from 
the seiches in the respect that they are forced oscillations of periods which 
must coincide with the periods of the impulses by which they are main- 
tsuned, whereas the periods of the free oscillations depend only upon the 
geometrical shape of the bay. 

The similarities and differences between tides and seiches are brought 
out by conmdering the oscillations in a long, rectangular bay of constant 
depth. Any wave in such a bay must fulfil the equations of motion and 
continuity. It was shown on p. 538 that, when the earth's rotation and 
friction are neglected, these equations are satisfied by 

( » a sin - X cos (rf -f <), s » —oh - cos ^ x cos (<ri + «). (XIV, 23) 
c c c 

These equations must always hold, and, in addition, certain boundary 
conditions must be satisfied. These conditions depend upon whether 
one considers a free oedUalion or an oscillation of the same period as an 
osdllation of the body of water with which the bay (ommunicates, 
o coosctSorion. In the case of a free oedUation in a bay of length I the 
boundary emufitions were x ■> 0, { 0, and x ■» I, s = 0, and from these 
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the period of the longest free oscillation was found, T/ » 4l/c. In the 
case of a cooaeiUaHon in a bay the period is that of the tide in the open 
sea, Te » 2t/o’, and the boundary condition takes the form x » 0, ( 0, 

X — I, II >= Z cos {vt + c), or, at the closed end of the bay, the horizontal 
displacements are zero, and at the open end the vertical displacements 
coincide with those in the adjacent sea. The latter boundary condition 
leads to a determination of the arbitrary constant, o: 


Putting 


a 


-Z 


c 1 

ha a , 
cos - 1 
c 


Te Ok 


(XIV, 24) 

(XIV, 25) 


and introducing a new variable, y = x/1, equations (XIV, 23) are obtained 
m the form 


^ 1 sm H ’Tvy ... . 

{ as —Z 1 :> cos (<rf + «), 

hav cos yirv ' " 

„ cos y^icvy ... . 
ri = Z 8 y— -■ cos \at + «). 

COS yirv ' 


(XIV, 26) 


These equations represent the cooscillating tide. They show that if v, the 
ratio between the periods of the free and the tidal oscillations, has the 



Fig. 139. (A) Character of cooscillating tides 

m bays corresponding to different values of r. (B) 

Character of independent tides in bays correspond- 
ing to different values of ». (According to D^ant.) 

values e a! 1, 3, 5 ... , the amplitudes of the cooscillating tide become 
infinite. In this case resonance occurs. It is also evident that the num- 
ber of nodes of the forced wave depends upon the value of v. Fig. 139A 
(Defant, 1926) shows the character of the cooscillating tide in such a 
basin as has been dealt with for different values of v. It should be 
observed that Defant introduces a value of v which is one half of the 
value defined by (XIV, 26). 



5S4 


WAVK AND TIDES 


For t\i^4ndefpvndvnl tide which is produced directly by the tidal forces, 
it is necessary to add on the right-hand side of the equation of motion 
(XIV, 9) a periodic force: * = / cos (ot •+• c). Ti^th the boundary con- 
ditions « s p » 0, ( 0, and « 1, or p » 1, n ” 0, one obtains 


5 " (l - I ») «>< (rf + •), 


Qtv COS >^irv 


(XIV, 27) 


Again, resonance occurs if v = 1, 3, 5, . . . ; otherwise the number of 
nodes depends on the value of v. Fig. 139B (Defant, 1925) shows the 
character of the independent tide corresponding to different values of v. 

So far, a rectangular bay of constant depth has been considered. For 
a bay of irregular shape and varying depth, one can start from the equa- 
tions of motion and continuity in the form (XIV, 16) and can determine 
the character of the cooscillating and the independent tides by means of 
a numerical integration, similar to the one developed by Defant (p. 539) 
for determining the free oscillation of the water in a basin (Defant, 1925). 
In all cases the character of the forced oscillation depends upon the rela- 
tion of the period of the forced oscillation to that of the free. It can be 
shown that in general the increase of the range of the tide due to narrowing 
and shallowing is relatively small, and that very high tides at the ends 
of bays arc, as a rule, a result of resonance. 

In the preceding discussion, tid&-producing forces have been con- 
sidered which act in the direction of the long axis of the basin, and it has 
been assumed that at any given time the force is the same at all cross 
sections. If the basin is large, it may have to be taken into account that 
transvcise forces exist, causing transverse oscillations, or that at a given 
time the force varies in the longitudinal direction. 

The introduction of friction leads to further compUcations. In a 
free oscillation the period is increased by the effect of the friction, but 
the period of the forced oscillation must always remain equal to that of 
the force and cannot be altered by friction. The result is that no com- 
plete resonance can develop, because the greater the amplitude of the 
wave becomes, the greater is the effect of friction and the greater the 
increase of the period of the free oscillation. The ratio r can in these 
circunostances never remain at the value, 1, 3, 5, ... , but can stay near 
one of these values. 

Another effect of friction alters the character cf the forced waves. 
In the absence of friction the cooscillating tide can be considered as a 
wave in a basin of constant depth which proceeds with constant ampli- 
tude and is totally reflected at the dosed end of the bay. In the presence 
of friction the amplitude of the '‘incoming’' wave decreases in the direc- 
tion of progress, and the reflected wave has therefore a smaller amplitude 
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than the incoming. The result is that the oscillation loses its character 
of a simple standing wave, but can instead bo considered as composed 
of two standing waves of a phase difference of t/2 which are superimposed 
on each other. In the extreme case in which the incoming wave is com- 
pletely destroyed by friction, so that the amplitude at the closed end is 
zero, the cooscillating tide has the character of a progressive wave that 
18 subjected to extreme damping (p. 575). 

Even greatei complications arise when the effect of the rotation of 
the earth is considered. Such consideration is necessary in most cases, 
since a comparison of the magnitude of the acting forces shows that the 
deflecting force cannot be neglected when dealing with tidal phenomena, 
because thdr period length is of the order of magnitude of a pendulum 
day (p. 520). 

In order to get some idea of the modifications that arise owing to the 
rotation of the earth, it is necessary to return to the complete equations 
of motion and to consider not only the vertical and horizontal displace- 
ments, but also the horizontal velocities to which no attention has been 
paid so far. If the depth is constant, if friction is neglected, and if 
7 =- 2« sin the equations of motion and continuity take the form 


dVf 

Tt 



(XIV, 28) 


Two solutions of these equations can easily be writren. Consider 
hrst an infinitely long canal of constant width h. If the x axis is placed 
in the diieclion of the canal, the boundary conditions y = 0, c* = 0, and 
y — h, Vy = 0 must be fulfilled, because at the walls of the canal the 
motion can be in the x direction only With these boundary conditions, 
one obtains in the Northern Hemisphere 

1}, \>y = 0, rj •= ijoC * * cos ^ (XIV , 29) 



where, as previously, c — \/gh 

This solution, which was first given by Lord Kehin (Lamb, 1932), 
defines a wave, the Kelvin wave, which proceeds in the x direction with 
the velocity c and is characterized by great amplitudes on the right-hand 
side and by small amplitudes on the left-hand side. At hi^ water, when 
the current flows in the direction of progress, the wave crest slopes down 
from right to left, and the component of gravity acting down that slope 
is exactly balanced by the deflecting force of the earth’s rotation acting 
m the opposite direction. At low water the dfirections of the slope and 
the current are reversed. The forces again balance each other, and the 
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same is tbe ease at any time between high and low water and betwem low 
and hi|^ water. 

Another solution, given by Sverdrup (1927), is appUeable to a wave 
that proceeds in an unlimited sea, provided that y » 2c« sin ^ can be con* 
sider^ constant: 

e ■= So cos — p xj) (XIV, 30) 

where « » y/v and where now 

(XIV, 31) 

These equations define a wave that has horizontal crests like an 
ordinary long wave, but a velocity of progress that has been increased 
in the ratio l/-\/i~^P. At the same time the motion of the water 
particles is no longer alternating back and forth, but is rotating, because, 
in addition to the velocities in the direction of progress (the lon^tudinal 
velocities), transverse velocities also exist. The ratio between the maxi- 
mum longitudinal and transverse velocity is 1/s, and the latter reaches 
its maximum one fourth of a period after the lon^tudinal velocity was 
at its maximum. The character of these currents will be dealt with later, 
and attention will be focused here on the wave itself 

The velocity of progress of the wave becomes infinite when s = 1 and 
imaginary when « > 1. Now, « = y/v = (Tt/12) sin where T, is the 
period of the tide in hours. Thus, c becomes infinite when Ti = 1 2/sin <p, 
or, if sin ^ » 1, when 7, = 12; that is, on a disk which rotates once in 
24 hours, waves of this type cannot exist if the period of the wave is 
greater than half the period of rotation of the ^sk. Applied to the 
earth, the meaning is that waves of this type cannot exist if their period 
is longer than one half pendulum day. This result is not so rignificant 
as it appears to be, because the solution is valid only for an unlimited 
body of water, and on the rotating earth the limitation of the ocean will 
make impossible a complete development of this wave type. If a wave 
proceeds in the longitudinal direction of an ocean, the transverse velocities 
must vanish along the coasts, but may develop at some distance from 
the coast. The wave must be of an intermediate type between the 
Kelvin wave and the wave described here, and can be considered as com- 
posed of longitudinal and transverse oscillations, the nature of which 
cannot yet be expressed analytically. 

In a narrow sea, transverse oscillations of the sea level will be present 
even if no conspicuous transverse currents are developed. The poiodic 
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variations of the lonfptudinal currents automatically g^ve rise to a perio<&e 
transvrase osdllation corresponding to that charact^tic of Kelinn 
wave. In a standing wave, horisontal currents reach thrir greatest values 
at the nodes, and the amplitudes of the transverse oscillation will there> 
fore be maximal at the nodes. The tide will be aero only at the ceattal 
point of the nodal line; on the right-hand side of the bay, looking toward 
the closed end, high water will occur one quarter period before high water 
at the closed end, and on the left-hand ride it will occur one quarter 
period after. At the antinode the transverse oscillations disappear. 
These conditions are represented schematically in fig. 140. The reasoning 
is based on the assumption that the deflecting force associated with the 
longitudinal currents is bfdanced by a transverse slope, as was the case 
for a Kelvin wave. 

In the absence of transverse oscillations the tide will be aero along a 
nodal line, but in the presence of transverse oscillations the tide will 
vanish at a single point omy. Points that have high or low water at the 
same hour can be joined by lines which are called eotidal lines. These 
cotidal lines all meet at a point where the tide vanishes, which is called 
an amphidromir point. An amphidromic point can be caused either by 
the effect of the earth’s rotation or by the interference of two tidal waves. 

If a standing oscillation easts in a bay, there are no cotidal hnes, 
because high water occurs at the same time everywhere. However, 
when transverse oscillations are present which differ from the longitudinal 
by one quarter period, an amphidromic point is developed that lies on 
the original nodal line (fig. 140). To the right of the center, high water 
occurs at the time f *= 0, to the left at the time t — }^T, and the other 
cotidal lines are spaced between these. Thus, the rotation of the cotidal 
lines around an amphidromic point that is caused by the earth’s rotation 
is, in the Northern Hemisphere, counterclockwise (as shown in fig. 140), 
but it is clockwise in the Southern Hemisphere. This characteristic 
may be used for deciding whether or not an observed amphidromic point 
may be due to the rotation of the earth. 

The methods of analysis that have been set forth here have been 
applied mainly by Stemeck and Defant to the tides in “adjacent seas,” 
such as the North Sea, the Adriatic Sea, the Red Sea, and others. In 
the case of the North Sea, from which numerous current measurements 
are available, other methods developed by Proudman and Defant have 
been used for deriving a complete picture. The considerations have even 
found application to the Atlantic Ocean, the principal tides of wluch have 
been stuped by Stemeck and Defant. Their conclusions will be dealt 
with when the tidal currents are discussed. In the other oceans, applica- 
tion of the dynamic theories presents enormous difficulties and has not 
been attempted. The above reasonings are purely qualitative, but G. I. 
Taylor has succeeded in giving an exact solution for a bay of rectangular 
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shape and constant deptii (see Defant, 1925, 1929). In several aspects 
this solution supports the above reasoning and shows particularly the 
arrangement of t^ cotidal lines. 

A generalisation of the observed conditions has been made by R. A. 
Harris (1894-1907), who divided the oceans into "oscillating areas," the 
period of free oscillation of which would be about 12 or 24 lunar hours if 
they were enclosed by solid botmdaries. The areas were selected so that 
the observed difference in the time of high water at both ends of the area 
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Fig. 140. Schematic representation of transverse oscillations in a bay in the 
Northern Hemisphere leading to the development of an amphidromic point. 


would be approximately 6 or 12 hours. Within each area one ot more 
nodal lines would be present. This division of the oceans into "oscil- 
lating areas" brings a surprising consistency in the otherwise confused 
picture of the tides, but, as pointed out by G. H. Darwin, it can hardly 
be accepted as a physical explanation because, among other factors, the 
rotation of the earth has been disregarded. 

The Character of the Tides. The tide-producing forces can be 
computed with great accuracy, but the response of the oceans to these 
forces is too complicated to be determined. Experience has shown, how- 
ever, that the tides can be considered as composed mainly of a series of 
harmonic oscillations, or partial tides, having the periods of the tide- 
producing forces. To these terms must be added, in many localities, 
annual and semiannual terms wluch are not related to astronomical 
forces but which are ascribed to the effect of prevailing winds or changes 
of sea level due to heating and cooling (p. 459). These long-period tides 
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are called metecreiogieal tides, in contrast to the astronomical. In locafi* 
ties where the wave of the tide is deformed by friction, particularly in 
shallow bays, it may be necessary to introduce higher harmonic terms, 
the periods of which are fractions of the periods of the principal paiv 
tial tides. Thus, in any given locality the tide can be presented by 
means of a formula similar to equation (XIV, 22), adding, if necessary, 
the meteorological tides and the higher harmonic terms. The period 
of the astronomical tides are the same as those of the forces. However, 
the coefficients of the different terms are mostly not proportional to 
those representing the forces, but depend upon the relative importance 
at the locality in question of the waves produced by the various forces. 
Similarly, the phase angles differ from the phase angles of the forces. 



Fig. 141. Tide curves at spring tide (left) and neap tide (right). 

The most important tide-producing forces are those of nearly semi- 
diurnal and nearly diurnal period, for which reason the character of the 
tide in any locality depends mainly upon the relative heights and phase 
angles of the partial tides corresponding to these forces. Let us first 
consider the partial tides due to the semidiurnal lun:^r forces of a period 
12.42 hours and to the semidiurnal solar force of a period of 12 hours. 
The former will give rise to two high waters and two low waters in 24.84 
hours (one lunar day), and the latter to two high waters and two low 
waters in 24 hours (one ordinary day). Thus, the high water due to the 
moon will be retarded 0.84 hours every day, or about 50 minutes relative 
to that caused by the sun. After coinciding on a given day, the partial 
high waters will move apart, to coincide again when the lunar tide has 
been retarded 12 hours, or after 12/0.84 = 14.3 days. The semidiurnal 
tide will be great when the two partial tides coincide and small when 
they counteract each other (fig. 141). The large tides are called spring 
tides, and the small tides are called neap tides, and in a locality in which 
the semidiurnal components are dominating, spring and neap tides 
come at intervals of 14.3 days. Where the tides are of the semidiurnal 
type, the ratio between the ranges of the lunar and solar partial tides 
may be fwrly close to the theoretical ratio 1:0.47 (table 70 p. 550), in 
which case the ratio between the ranges of spring and neap tides is 
fairly dose to 1.47:0.53 = 2.77. 
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U tiu tide! followed tbe tidei>rodtteing fwoee, tlie lunar and aolar 
aenddiunud tidea would coincide at full and new mocai and would be 
<9podte in pbaae at the quartera of the moon. In moat localities the 
tides laf amneadiat behind the tide>producing forces, and spring tides 
occur a day or two after full moon and a day or two after new moon. 
*010 time difference between tiie meridian passage of full or new moon 
and the occurrence of the highest high water is called the ope 0 / the tide, 
and is i^ven in days. 



1^. 142. Examples of different types of tides r»- 
Sttltiog from siniultaneous diurnal and semidiurnal tidal 
eomponents. 


The close relation of the tide to the moon is also demonstrated by the 
fact that, where a semidiurnal tide prevails, hig^ water always comes at 
nearly the same number of hours after the moon passes through the upper 
or lower meridian — that is, after the moon is due south or due north. 
The mean time difference between the meridian passage of the moon 
and the occurrence of the next hifdi water is called the mean high water 
lunitidtd intehml, and is measured in hours. 

Diurnal partial tides greatly complicate the picture, because the tide 
will depend upon the relative magnitudes of the semidiurnal and diurnal 
components and upon the time at which these components reach thmr 
maxima, figure 142 illustrates a few possible combinations, figure 
142A shows an ordinary “mixed type” of tide in which one of the two 
high waters of the day is much higher than the other, and one of the 
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two low waters is much lower. Also, tiie time interval between tiiehif^ier 
low water (1) and the lower hifdi water (h) is much shorter than the time 
interval between tiie lower low water (L) and the lugher high water (H)* 
This tide is characterised by a diumdl inequality. The tides of the Pacifio 
coast of the Umted States are of the mixed type, showing a considerable 
diurnal inequality, but the tides of the Atlantic coast are mote 'nearly 
of the semidiurnal type. 

Figure 142B illustrates a case in which the inequality is found in the 
high waters only, the two low waters being equally low. Figure 14^ 
illustrates a case in which only one high and one low water occur during 
the day, because the other high and low water melt together into a 
period of several hours with nearly constant water level. This particular 
phenomenon is called the “vanishing” tide. 

The examples in fig. 142 were constructed by combining diurnal 
and semidiurnal tides of different heights and different phase angles. 
It is (vident that different combinations lead to other tide curves in 
which the diurnal inequality of the tide appears more or less pronounced. 
The diurnal inequality of the tide varies during a month, because the 
distribution of the moon’s tide-producing force over the earth varies 
with the dechnation of the moon. The tides that display the greatest 
diurnal inequalities are called the tropic tides, since they occur when the 
moon’s declination is at its maximum c at its minimum — ^that is, when 
the moon is nearly above the Tropic of Cancer or of Capricorn. 

Taking partud tides of other periods into account, and conmdering 
the fact that the tide-producing forces vary with the distance from the 
earth of the moon and the sun, one finds that a nearly unlimited number 
of possible types of tides exists and that, in any given locality, the type of 
the tide may change considerably during one month. As a rule, however, 
the tide has the same characteristics at nri^boring stations on an open 
coast. Det^ed information as to the character of the tides in different 
localities is found in several of the books listed at the end of this chapter. 

Several terms used for describing the tide have been defined, but a 
few more must be added. Mean sea level is the plane about which the 
tide oscillates (Maimer, 1927). It is determined from tidal observa* 
tions by averaging the tabulated hourly heights of the tide ovw a period 
of several years. Mean sea level does not coincide, as a rule, with an 
equipotential surface, because, where permanent currents are present, 
the sea surface always slopes at right angles to the current (p. 391). 
Mean sea level may also rise or dn^ along a coast, as is evident from 
results of precifflon levding along the Atlantic coast of the United States 
(p. 677). Daily, weekly, monthly, and yearly sea levd can be derived 
from observations during a day, a week, a month, or a year. For daily 
sea level, it is necessary to state how the average has been computed 
(see Manner, 1927). 
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Mean uxUar is the average hei^t of all high waters over sevml 
years, uid, siiiiihwly, mean low water is the average height of all low waters 
over several years. The half-tide lead lies exactly half way between mean 
h4^ water and mean low water, and differs as a rule from mean sea level. 
In localities where the tide shows a considerable diurnal inequality, mean 
high^ hi^ water and mean lower low water are computed from the 
highest and lowest tides of each day. 

In bays and in seas which communicate with the ocean through a 
relatively narrow opening, the tide may differ f^m that in the ocean, 
because the shape of the bay or the adjacent sea may favor the develop- 
ment of certain components of the tide. Modifications due to the rota- 
tion of the earth may also arise. 

The tide in the English Channel represents an example of the latter 
modification. The tide there has in part the character of a progressive 
wave which enters the continental shelf from the Atlantic Ocean and 
which, as it advances, takes the appearance of a Kelvin wave, with small 
ranges on the left-hand side, the south coast of England, and great ranges 
on the right-hand ride, the northwest coast of France. On the coast of 
France the Bay of St. Malo is particularly famous for its large tides, 
because in the inner part of the bay the range of the spring tide is up to 
12 m-(39 feet). This enormous range is in part attributed to the narrow- 
ing of the bay and the shoaling of the bottom. 

The largest known tides occur in the Bay of Fundy, where, in Noel 
Bay, spring-tide ranges up to 15.4- m (50.5 feet) have been measured. 
However, this tide can be account^ for in a different ihanner. In the 
Bay of Fundy, high water occurs nearly simultaneously all around the 
bay and, furthermore, it has been found that the strongest tidal currents 
flow into the bay when the water is rising most rapidly, and out of the bay 
when the water is falling fastest. These features — ^the increase in the 
range of the tides toward the end of the bay, the simultaneous occurrence 
of high and low water all over the bay, and the maximum currents at 
mean water — all indicate that in the Bay of Fundy one has to deal with a 
standing wave. 

The range of the tide is, however, not zero at the opening of the bay, 
for which reason the tide must be of the cooscillating type (fig; 139), and 
the great increase of the range toward the head of the bay must due 
to resonance. An exact computation of the period of free oscillei- 
tions of the waters of the Bay of Fundy has not been undertaken, but 
according to rou^ estimates this period lies between 13 and 11.6 hours 
(Defant, 1925). Such a period means that in the Bay of Fundy the ratio 
■ V s Tf/T, (p. 553) is probably sufficiently close to unity to bring about 
resonance, but the increase of range toward the end of the bay may also 
be augmented by the narrowing and the shoaling of the upper part. 
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Owing to the rotation of the earth, the tides are larger on the soutikeastem 
than on the northwestern shores. 

The tides in the Bay of Fundy are remarkable because of their great 
range, but the increase of the range from the opening to the end of the 
bay is not greater than in some other localities. The tides of the Adriatic 
Sea have been examined very thoroughly by Defant and Sterneck, who 
have found that there the cooscillating tide dominates. The longitudinal 
semidiurnal tide shows a node at a distance from the opening of about 
three quarters of the length of the sea, and inside the node the range of 
the semidiurnal tide increases rapidly. On the other hand, the range of 
the diurnal tides increases regularly from the opening toward the end, 
and is, at the end, about four times as great as the range at the opening. 
The range of the Bay of Fundy tide is also increased about fourfold from 
opening to end, and this increase represents therefore no exceptional case. 
By studying fig. 139 it is easily seen that the range of the cooscillating 
tide must increase from the' opening to the end of a bay if the ratio v lies 
between 0 and 2, and that the increase must be the greater the closer v is 
to unity. In the Adriatic Sea the transverse oscillations due to the 
earth’s rotation have also been studied, and excellent agreement has 
been obtained between observations and theory. Interested readers 
are referred to Defant (1925). 

Attempts to represent the tides of a large area on charts encounter 
considerable difficulty, because the character of tides is known from coasts 
and islands only, and the data can be combined in many different ways. 
The first comprehensive representation was prepared by Whewell, who 
in 1833 published a map of the cotidal lines of all oceans (Marmer, 1926). 
As explained earlier (p. 557), cotidal lines are lines which join points 
having high water at the same time, referred to Greenwich or some other 
standard meridian. Later, charts of cotidal lines were prepared for 
.several smaller areas, and for the Atlantic Ocean the cotidal lines of 
the semidiurnal and the diurnal tides have been plotted separately. 
Charts dealing with the partial tides are preferable, because the character 
of the cooscillating and independent partial tide of any body of water 
depends on the period of that tide. Similarly, charts showing the 
range of the tide have more rational meaning when they present partial 
tides, and charts of this nature have been prepared for some adjacent 
seas. When dealing with tidal ranges, one should use data from well- 
exposed stations, since the tide in bays and estuaries may be distorted. 

Owing to the uncertainty involved in arriving at a general representa- 
tion of the tides, it is often necessary to interpret the available data in a 
certain manner in order to arrive at a consistent picture. The most 
outstanding example of such interpretation is Harris’ division of Hie 
oceans into “ oscillating areas,” which was mentioned on p. 558. How- 
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ever, a satisfactory presentation of the tides of the oc^uis has not yet 
been (pven, with the possible exception oi the tides of the Atlantic Ocean, 
to which we shall return. 

Amaltsib and PBBDicnoN or Tidbb. Any observed tide curve can 
be represoited, as has already been stated, by means of a series of har- 
monic terms, the periods of which correspond to the periods of the 
astronomical and meteorological tides (p. 550). This is true regardless 
of how complicated the tide is. The coefficients of the different terms 
can at any pven localities be determined with gr^t accuracy by means 
of harmonic analysis if sufficient data are available. Methods employed 
in harmonic analysis are described by Schureman (1924). Here it will 
be mentioned only that the harmonic analysis of tidal data is a compli- 
cated process, because many periods have to be considered, some of, which 
differ but little in length. Methods have been developed, however, 
which permit fairly rapid calculations. 

The tide curve can be reproduced with a high degree of accuracy if a 
sufficient number of harmonic terms have been evaluated. These terms 
can be used for computation of future tides, since the tide is one of the 
few geophysical phenomena that repeat themselves with nearly astronom- 
ical regularity. The process of computation consists in calculating the 
tide corresponding to each single term, using the empirically determined 
amplitudes and phase angles and finally adding the terms, thus construct- 
ing a predicted tide curve. The calculation and addition is now made 
by means of specially constructed tide-predicting machines for preparing 
tide tables. These machines are operated by the U. S. Coast and Geo- 
detic Survey, Washington, D. C., the British Admiralty, London, and 
the Deutsche Seewarte, Hamburg. The tide tables, which are issued 
for each year, give advance information as to the time and height of 
high water and low water of all commercially important ports of the 
world. In addition, information is given as to the time difference 
between high water at principal ports and high water in neighboring 
localities. 

A popular description of the tide-predicting machine of the U. S. 
Coast and Geodetic Survey is given by Maimer (1926), and a technical 
description is given by Schureman (1924). Experience has shown that 
the deviations of the actual tides from the predicted values are mostly 
small and are due to nonperiocfic disturbances caused by winds and shifts 
in currents. 


Tidal Currents 

Tidal currents represent the motion of the water particles in the 
progresave or stancUng tide waves which on coasts and islands are reeog- 
maed by the rise and fall of the tide. The tidal currents will therefore 
be of different character in different areas, depending upon the dumcter 
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of the tides, and nrill, in a given locality, pass throufdi cyclic chai^^ 
corresponding to those of the tide. C!omp]ica1ions may arise b^use of 
the configuration of the coast, and tidal currents may attain great 
velocities in straits or sounds. 

In order to discuss the general character of the tidal currents, it is 
necessary to repeat some of the equations that have been used previously. 
Disregarding friction and the rotation of the earth, placing the x^axis 
in the direction of progress of the tide wave, and assuming constant depth, 
one obtains the equations of motion and continuity in the form 


dvx _ _ . dVx 

~hi ~ ^dx ^dx’ 


(XIV, 32) 


where Vz is the horizontal velocity, g is the acceleration of gravity, and 
i\ is the vertical displacement of the surface. 

For a progressive wave, 

17 = Tjo cos {at — Kx)y (XIV, 33) 

and therefore 


— g- Vn cos {at — Kx) = c Y cos {at — kx) 
a fi 

= rfo COS {at — Kx)f (XIV, 34) 

where c = is the velocity of progress of the wave. 

Thus, the velocity reaches its maximum in the direction of progress 
at high tide {rj = Vo) and its maximum in the opposite direction at low 
tide (1; = —170). The tidal current is alternating, changing its direction 
every half period. 

For a standing wave 

17 = 7j{x) cos at, (XIV, 35) 

wherefore 

The rdation between the tide and the current is best recognized by con- 
sidering a free-standing oscillation in a rectangular basin of constant 
depth, h. In this case ij(x) = no cos kx, and therefore 

K . . , 

t’l — ; no sin KX sin n 

no sin KX cos 

Thus the current is always zero at x = 0 , and it is also zero at t =» 0 and 
at t *= }iT —that b, at the time of high and low water. It reaches its 



- 0 - 


(XIV, 37) 
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maximum at t and at f — ^that is, at mean water between 

high and low water and at mean water between low and high water. In 
the eases considered here the tidal currents are uniform from the surface 
to the bottom. 

The total horizontal displacement during one half tidal period when 
the water flows in the same direction, if the maximum tidal current is 
called V, is 

= F cos a<<tt = 2Fi = V~ (XIV, 38) 

The displacement is also independent of depth. 

In order to get an idea of the corresponding velocities of the tidal 
currents and the maximum displacements, we shall consider the tide 
in a progressive wave of an amplitude (not range) of 100 cm. The cor- 
responding maximum tidal currents in seas of different depths are shown 
in table 71. 

Table 71 

VELOCITY OF TIDAL CURRENTS AND MAXIMUM HORIZONTAL DIS- 
PLACEMENTS IN A WAVE OF AMPLITUDE 100 CM PROCEEDING IN 
WATER OF CONSTANT DEPTH. EARTH’S ROTATION AND 
FRICTION NEGLECTED 


Semidiurnal tide 




Maximum current j 
Maximum displacement 


Depth (m) 


100 

500 

1000 

2000 

31.3 

14.0 

9.9 

7.0 

0.61 

0.27 

0.19 

0.14 

4.4 

2.0 

1.4 

1.0 

2.4 

1.1 

0.75 

0.64 


4000 


4.9 

0.10 

0.7 

0.38 


It appears from this table that in the open ocean the tidal currents 
cannot reach any appreciable velocities, but measurements demonstrate 
that the actual velocities are considerably higher than those tabulated, 
partly because the earth’s rotation must be taken into account, and partly 
for reasons that as yet are unexplained. Before the effect of the earth's 
rotation is considered, tidal currents in waters of changing depth or 
chan^ng width will be dealt with. 

In a channel of rectangular cross section but variable depth, h, and 
width, b, the combination of the equations of motion and of continuity 
can be written (Lamb, 1932, p. 275) 



where 


j; = tj(x) cos fft. 
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Fleming (1938) has used this equation for studying the tidal currents 
on a continental shelf related to a standing wave with a node line parallel 
to the coast. In this case, b is constant, and one obtains 

where x is the distance from the coast and h is the depth. If the ampli- 
tude of the wave varies slowly with the distance from the coast, as may 
be expected if the continental shelf is wide and the water is not too shal- 
low, the maximum velocity of the tidal current is approximately 

where x is the distance from the coast and h is the depth. It is assumed 
that X is small compared to the 
wave length. 

If the depth is constant, the 
velocity increases linearly with 
distance from the coast, but, if the 
slope of the bottom, x/h, is con- 
stant, the velocity is independent 
of the distance. Genertdly, the 
ratio x/h is not constant, and then 
the tidal currents reach a maximum at the distance x at which x/h is 
greatest. The profiles of many continental shelves are such that x/h is 
greatest near the border of the shelf (fig. 143), and the maximum tidal 
currents may therefore be expected near the border. 

These considerations hold true not only in the case of a standing wave, 
but also, in general, if a transport of water toward the coast takes place 
during some part of the tidal period and away from the coast during some 
other part of the tidal period. Therefore they help to clarify some of the 
characteristics of tidal currents near coasts. 

Another question of interest is that of tidal currents where the 
bottom topography is irregular, showing basins and submarine ridges 
and peaks. A basin is generally of small dimensions relative to the 
length of the tide wave (the semidiurnal tide wave is 4200 km long 
where the depth is 1000 m), and the tidal current, if existing, must 
therefore be in the same direction in the entire basin during one half 
tidal period, but such flow would necessitate the presence of ascending 
and descending motion of considerable velocity at the borders of the 
basin. If the depth of the basin below the general level of the sea bottom 
is 1 km and if the width of the area of ascending motion is 10 km, then 
the average ascending motion would have to be one tenth of the hori- 
zontal velocity. This type of flow would be possible in homogeneous 



Fig. 143. Schematic cross section of a 
continental shelf showing that the ratio 
x/h is at a maximum near the border of the 
shelf. 
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water, but iu the ocean the stability will effectively counteract l^e 
development of vertical motion, wherefore it is probable that tidal motion 
is not present in basins below a short distance from the upper rim. 
On the other hand, tidal currents will flow over submarine ridges. Sub- 
marine peaks that rise from a general level will form an obstacle to the 
tidal currents; however, the water need not rise or descend along the 
peaks, but can be horizontally deflected. Thus the stable stratification 
of the ocean waters must lead to a number of modifications of the tidal 
currents which would be absent in homogeneous welter. These modifica- 
tions have not yet been studied theoretically, no^ have measurements 
been made in the field, for which reason the above considerations are 
still hypothetical, but they are in agreement with the fact that submarine 
ridges and peaks are free from fine sediments. I'he absolute depths 
are of no consequence, and a submarine peak appears free from fine 
sediments if it rises, say, 500 m above its surroundings, regardless of 
whether the average depth of the surroundings is 1000 m or 5000 m. 
Tidal currents or currents associated with internal waves of tidal period, 
which will be dealt with later (p. 590), and large eddies caused by moving 
wind systems are probably all active in keeping elevated features free 
from fine sediments. On the other hand, the accumulation of fine 
sediments in basins does not prove that currents are absent, beaause, 
owing to gravity, fine sediments must accumulate iu the depressions 
of the sea bottom even in the presence of currents. The tidal currents 
with which we are dealing now m^iy not exist, but other types of flow 
may occur. In order to answer theSe questions, direct measurements in 
basins must be carried out during several tidal periods. 

Variation in the width of bodies of water leads to other modifications 
of the tidal currents. Strong tidal currents through narrow sounds 
are readily accounted for by the fact that large amounts of water have 
to flow through these openings during each half tidal period. Consider 
a bay of surface area A square meters which is in communication with 
the opien sea by an opening whose cross-section area is S square meters. 
Let the average range of the tide in the bay be 2tit m. The total volume 
of water that flows into the bay in the time interval between low and 
high water is then A X 290 m'. The inflow, on the other hand, is equal 
to SbT/2, where S is the average velocity during the half tidal period 
(T/2) in which inflow takes place. The maximum velocity during that 
time is v/2 times the average velocity, but the flow is not uniform through 
the cross section. Observations have shown that in mid-channel the 
velocity is about one third larger than the average velocity. There- 
fore, the maximum velocity of the tidal currents in mid-channel is 
approximately 
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As a schematic example, let us consider a bay that has an area .pf 
100 km* and is in communication with the open sea through a channel 
that is only 200 m wide and 60 m deep. Let us assume that the range 
of the semidiurnal tide in the bay is 2 m. Then, in the time interval 
between high and low water (6.21 hours, or 22,356 seconds), 2 X 10* m* 
of water must flow out through the channel, the cross section of which is 
10* m*. The average current must therefore be 

6 = 89 cm/sec = 1.73 knots, 

and the maximum current in mid-channel under the assumed conditions 
would reach a value of about 180 cm/sec, or 3.6 knots. Tidal currents 
of such velocity are not uncommon in sounds, and in many narrow straits 
tidal currents up to 10 knots or ^ore occur at spring tide. Pilot books 
contain information as te the time and velocity of tidal currents in 
navigated passages and instructions as to the time when such passages 
can be made safely by different types of craft. 

If, in the above example, the opening had been 1 km wide and 100 m 
deep, the marimum currents at the center of the channel would have 
been only 0.36 knots. This clearly demonstrates that exceptionally 
strong tidal currents can be expected only in narrow sounds or inlets. 
Manner (1926) has computed the tidal currents at the opening of the 
Bay of Fundy and found no higher maximum velocities than 1.59 knots, 
in spite of the tremendous range of the tide at the head of the bay. This 
result, which i.s in agreement with observations, clearly shows that 
strong tidal currents are not encountered at the opening of such bays as 
the Bay of Fundy, where the cross-section area of the opening is great 
compared to the surface area of the bay. 

The tidal energy can be well illustrated by considering the number 
of horsepower which can theoretically be developed by tidal currents 
flowing through a narrow sound connecting a basin with the open sea. 
The average number of horsepower during one half tidal period, is 
equal to g/>A2vt^lT. With A — 100 km* and 2i;o = 2 m one obtmns 
.360,000 h.p., but even under the best of conditions only a small fraction 
of this amount can be actually utilized. Owing to the depth and the 
width of the opening through which the tidal currents flow, the energy is 
not concentrated as in a waterfall, but is distributed over a large surface. 
Furthermore, the tidal power has an intermittent character varying from 
zero to its maximum value in one quarter tidal period and reaching much 
higher maximum values at spring tide than at neap tide. This makes 
utilization on a large scale extremely diflScult, but on a small scale tidal 
power is being used in a few river estuaries. Manner (1926) computes 
that theoretically the tides in the Bay of Fundy can produce no less on 
an average than 200,000,000 h.p., but he a^ds that by the time the scheme . 
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for utilizing the energy of the tide in the bay is reduced to practical 
details the figures for the horsepower lose much of their impressiveness. 

Neglecting the earth's rotation, the tidal currents are alternating 
if they are associated with a single standing or progressive tide wave; but 
if several tide waves are present, interference takes place which may give 
rise to rotary tidal currents, meaning that the tidal currents regularly 
change direction and velocity during one tidal period. If the velocities 
are plotted as vectors from one central point, the end points of the vector 
will describe a closed curve during one tidal period (fig. 144), and in the 
absence of other currents the vector sum will be zero. 



Fig. 144. Examples of rotating curredl^ produced by interference of tide waves 
progressing at right angles to each other and of different phases. 


As a simple case, let us consider the interference between two tidal 
waves which progress along the positive x and y axes. If the depth is 
constant, the alternating tidal currents corresponding to the two waves 
are at the point x — y — Q 



(XIV, 39) 


where e determines the phase difference between the currents at the 
time 1 = 0. Assume first e = 0, meaning that the tidal currents in the 
X and y directions reach their maximum values at the same time (fig. 
144B). In this case the resultant current will also be alternating and 
will form an angle o with the x axis, which is determined by tan a = 

Assume next c = ir/2, meaning that the manmum velocity in the 
direction of the negative y axis is reached one quarter period after the 
maximum velocity in the positive x direction. The result will be a 
current which rotates clockwise, the end points pf the vectors represent^ 


ing the current, which will be on an ellipse the ratio of the axes of whit^ 
is tii/n* (fifr 144A). 

If « *■ •~ir/2, similar reasoning leads to the conclusion that the 
current will turn counterclockwise as shown in fig. 144C. In general, 
interference of tide waves leads to rotating currents, the direction of 
rotation being clockwise or counterclockwise, depending upon the 
phase difference between the two interfering waves, and the ratio between 
the axes of the resulting ellipse depending upon the phase difference 
and the amplitudes of the waves. 

Except in narrow sounds the observed tidal currents are mostly 
rotating. If these currents resulted from interference, one should expect 
to find clockwise or counterclockwise rotation to be equally frequent, 
but in the Northern Hemisphere, from which most observations are 
available, clockwise rotation is^^y far the more common. This fact 
indicates that the rotary currents are as a rule not caused by interference 
but by the effect of the rotation of fhe earth. 

On p. 555 are given the equations of motion and continuity which 
apply to long waves, taking the rotation of the earth into account. 
Two integrals of these equations have been ^ven — one by Lord Kelvin, 
which is applicable to a tidal wave in an infinitely long canal of constant 
width and depth: 


0. = yjf noc-'’"’* cos (ri - ^ x^, 
(y ~ 2a) sin ; 


Vj, = 0 


(XIV, 40) 


and one by Sverdrup, which is applicable to conditions on a rotating disk 
of infinite dimensions: 


The former solution defines an alternating current which may be present 
in a narrow channel, provided that the amplitude of the tide wave varies 
across the channel according to the formula 17 = The latter 

solution defines a current which rotates .clockwise in the Northwn 
Hemisphere and counterclockwise in the Southern Hemisphere, that is, 
cum in both hemispheres. The end points of the vectors representing 
the tidal currents lie on an ellipse, the ratio of the axes of which is equal 
to 8. When 8=1, the velocities become infinite, and at 8 > 1 they 
become imapnary. The solution has therefore no meaning unless 
8 < 1, Now. 


I*)’ 


(XIV, 41) 
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where T is the period of the tide and To is the period of rotation of the 
earth, 24 hours. It follows that < < 1 only if T < 12/sin or if the 
period of the tide is less than one half pendulum day, and that the above 
solution is not valid unless this condition is fulfilled. When dealing 
with the tide (p. 556), it was pointed out that the result is not so sig- 
nificant as one mi|^t expect because it is applicable only to conditions 
on a rotating disk of infinite dimensions. When applied to the oceans 
it must be taken into account that these are rela^vely narrow and that 
at the very coasts the currents cannot be rotating bkt must be alternating 
in the direction parallel to the coast. The actual tidal currents in an 
ocean must therefore be intermediate in character between those cor- 
responding to a Kelvin wave and those present on an unlimited rotating 
disk. 

Measurements at lightships have s^own that rotating currents occur 
at a short distance from the coasts, and measurements from vessels 
anchored in deep water liave demonstrated that rotating currents are as 
a rule present in the open sea. Most of these observations have been 
made in the Northern Hemisphere where, in nearly all instances, clock- 
wise rotation of the tidal currents has been encountered, whereas a few 
observations in the Southern Hemisphere have shown counterclockwise 
rotation. These facts present the best support of the concept that, in 
general, the rotating tidal currents are due to the effect of the earth’s 
rotation and not to interference, but in some cases interference may 
complicate the picture. An exact mathematical treatment of the tidal 
currents of the ocean, however, encounters the same difficulties as the 
exact development of the dynamic theories of the tides. 

As already stated, tidal currents and tides represent two different 
manifestations of the same phenomenon. When dealing with the tides 
it was shown that in any locality the tide can be represented by means of a 
series of harmonic terms having the same periods as the periods of the 
tide-producing forces. The tidal currents can be represented in a similar 
manner, but if one deals with rotating currents it is necessary to consider 
separately two components of the current, say, the N-S and the E-W 
components. Tidal currents are much more difficult to observe exactly, 
however, mainly because other types of currents are as a rule super- 
imposed on them, and a great number of data are needed in order to 
eliminate tho superimposed currents and obtain a clear picture of the 
periodic tidal motion. It can be diovra, however, that the tidal currents 
are closely related to the character of the tide. 

It was mentioned that on the Atlantic coast of the United States 
Ihe tide is cd the semidiurnal type, the diurnal components bring small. 
In agreement with this feature it has been found that off the Atlantic 
coast the tidal currents are also of the semidiurnal type, meaning that 
during 24 hinar hours the end points of vectore representing the tidal 
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currents describe two nearly identical elUpses. At the time of l^e tix>pic 
tides, when the declination of the moon is greatest, the tide disidays some 
diurnal inequality and, rimilarly, the two current rilipses of a lunar day 
differ somewhat. 

On the Pacific coast of the United States the tides are of the mixed 
type and are characterised, by a considerable diurnal inequality. Off 
that coast, complicated tidal currents are present and in course of a lunar 
day the end points of the vector representing hourly velodtiee and direc- 
tions of the tidal flow describe curves that have no similarity to ellipses 
but that nevertheless result from the combination of several current 
ellipses corresponding to tides of different periods. In most instances 
a good approximation to the observed conditions is obtained by comlaning 




Fig. 145. (A) Observed tidal currents at San Francisco light vessel. (B) Semi- 

diurnal and diurnal tidal currents derived from the observations by harmonic analysis. 
(G) Tidal currents at the San Francisco light vessel computed from the semidiurnal 
and diurnal currents shown in B. 

the different semidiurnal periods to one ungle period of length 12 lunar 
hours and the diurnal periods to a single diurnal period of length 24 lunar 
hours. This is illustrated in fig. 145, in which the left-hand diagram 
represents the average tidal currents (Manner, 1926b) during 24 lunar 
hours at San Francisco light vessel, which is anchored in 31 m of water 
at a distance of nine nautical miles from the nearest coast. The repre- 
sentation corresponds to those in fig. 144 except that the arrows have 
been omitted and only the curve joining their end points is shown. The 
hours marked along this curve represent the lunar hours after the highest 
high water at San Francisco, the time of that high water bring marked (P. 
Harmonic analyses of the semidiurnal and diurnal tidal currents leads 
to the r^ults which are represented in the middle part of the figure. 
The semidiurnal and diurnal currents both reach about the same maxi- 
mum velorities, but the semidiurnal rotates twice in 24 lunar hours, 
whereas the diurnal rotates once. The diagram to the rii^t has been 
derived by comirining the two, and this diagram is suffiriently like the 
one to the left to demonstrate that the complicated pattern is mainly a 
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result of tile ramultuieous presence of two tide waves of different peiio^. 
The discrepancies may be due partly to the lumping together of the semi- 
diurnal p^ods and the diurnal periods, and partly to inaccuracy of the 
averttge values. 

The periods of the tidal currents are in agreement with the periods 
of the tide, but no general relationship has been established between 
the velocities of the tidal currents and the hdg^t of tiie tide. The reason 
is that the velocities of the tidal currents depend not only upon the 
hm^t of the tide but also upon the depth to the boi^m, the slope of the 
bottom, and the effect of the earth's rotation. Theoretical consideration 
of all these variables has not yet been possible and observations of 
currents are too few to permit the establishment of empirical laws. 

Effect of Friction on Tides and Tidal Currents 

In shallow water the tide and the tidal currents will be modified by 
the friction to which the waters are subjected when moving over the 
bottom. This bottom friction influences the currents to a considerable 
distance from the boundary surface, owing to the turbulent character of 
the flow (p. 480). 

The effect of friction on the tide can be illustrated by considering a 
co-osdUating tide in a bay of constant depth and width. In the absence 
of friction the tide will have the character of a standing wave that can be 
considered composed of two waves traveling in opposite direction, the 
incoming wave and the reflected wave. In the presence of friction the 
tide can still be considered as composed of two such waves, but the com- 
bination no longer results in a single standing oscillation because the 
amplitudes of both waves must decrease in their directions of progress. 
In general, it can be assumed that the amount of energy that is disripated 
is always proportional to the total energy of the wave. If this is true, 
the friction leads to a logarithmic decrease of the amplitude, provided the 
depth is constant. Assume that the waves progress in the x direction, 
that the influence of friction begins at z = 0 and that reflection takes 
place at X — L On these assumptions the amplitude of the incoming 
wave will be (FJeldstad, 1929) 

VI = noc"*" cos — Kx), (XIV, 43) 

and of the reflected wave 

Vi “ cos [fft — k(21 — x)] (XIV, 44) 

Here m represents a coefficient of damping. The ampUtude of the tide is 
found by adffing vi tuid i}i, and the result can be written in the form 

V *■ ij(>e~'^{cos KX + cos «(21 — z)} cos <rt 

+ {sin *»+ sin k^TH - x)l sin (XIV, 45) 
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From this equation it follows that the osdllation can be conaideFed ae 
brought about by two standing waves of phase difference ir/2 or <me 
quarter of a peri^ (p. 652). 

Let us comdder a bay the length of which is % L, where L is the length 
of the wave in the bay. This means introducing I %L,kI ^ ^ic, and 
KX ^ 2ikx/L. Let us furthermore assume that at the opening of the bay 
the tide can be represented by the equation i)o = Z cos vt, which means 
that at X = 0 the amplitude is Z and high water occurs at I => 0. In the 
absence of friction the standing wave in the bay will show a node at a 
distance of one quarter wave length from the opening, and innde of the 
node high water will occur at f » 6‘‘ if the period of the wave is 12^. 



Fig. 146. Effect of frid ion on amplitude and phase of 
the cooscillating tide in a bay, the length of which is % 
of the length of the tide wave. 


The variations along the length of the bay of amplitude and phase are 
shown in fig. 146, by the curves marked 0, The effect of friction will 
depend upon the value of m and, in order to illustrate the effect, we 
introduce three numerical values p = 8/ (15L), p »= 4/(3L), andp =« 4/L, 
corresponding to a decrease of the amplitude of the tide wave to one half 
of its value on a distance equal to 1.17 L, 0.52 L, and 0.17 L, respectively. 
The corresponding variations along the length of the bay of amplitude and 
phase of the tide are shown in fig. 146 by the curves marked 1, 2, and 3. 
The dashed line in the upper part of the figure shows the change in phase 
on three ei^ths of a wave length of a progressive wave. 

By meariH of fig. 146 three effects of friction are brought out; (1) the 
node at which the amplitude of the tide is sero disappears and, instead, a 
region with miTtitnal rknge is found; (2) the abrupt change of phase 
disappears and is replaced by a gradual change; (3) the phase difference 
between the opening and the end of the bay is decreased and approaches 
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the value found by considering a progressive wave only. It is evident 
that if the effect of friction is very great, the wave takes the character of a 
progresrive wave the amplitude of which decreases exponentially because 
the r^teeted wave becomes insignificant when the amplitude of the incom- 
ing wave has decreased at the end of the bay to a small fraction of its 
original amount. 

The most striking example of the influence of friction on tides is found 
on the wide shelf along the Arctic coast of eastern Siberia. There the 
tide wave reaches the shelf from the north after having entered the Polar 
Sea through the wide opening between Spitsbergen and Greenland and 
having CKMsed the deep portions of the Polar Sea. Between longitudes 
IfiO^E and 180°E the width of the North Siberian Shelf exceeds 300 miles 
and in the greater part of that area the depth of the water is between 
20 and 40 meters. The sea is ice-covered nearly throughout the year and, 
owing to the resistance which the ice offers, the tidal currents are sub- 
jected to frictional influences from the ice on top as well as from the bot- 
tom. The total effect of friction is therefore so great that on the coast the 
tide nearly vanishes (Sverdrup, 1927, Fjeldstad, 1929 and 1936). The 
decrease of the amplitude when approaching the coast is brought out 
by the data in table 72, which shows the amplitude and phase of the 
term Mt near the border of the shelf and at two localities on the coast. 
Of these two localities, Ayon Island lies a little south of Four Pillar 
Island, but the tide wave reaches Four Pillar Island later because the 
direction of progress of the wave is* altered near the coast owing to the 
configuration of the bottom (Sverdrup, 1927). 

Table 72 

AMPLITUDE AND PHASE OF THE SEMIDIURNAL TIDE, M,, ON THE 
NORTH SIBERIAN SHELF 

Longitude 
E 


L67"10' 

167 43 
162 35 

It is seen that the later the tide the smaller the amplitude is, and it 
can be readily verified that the logarithm of the amplitude is nearly a 
linear function of the phase difference, as should be expected if the wave 
Ibngth remained constant, because in that case i>x ^ where 

a KX represents the phase difference. 

Ihe fact that the tide practically vanishes on the coast shows that 
when crossing the wide shelf the ene^ of the incoming tide iffave is 




Near border of shelf 

Ayon Island 

Four Pillar Island. . 
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nearly dissipated by friction against the bottom and the ice. This feature 
is of importance io the tides of the Atlantic Ocean, from ivhich the 
principal semidiurnal components enter the Polar Sea (p. 581). 

In several adjacent seas the effect of friction has been studied by 
H. Jeffrejrs, who used a method developed by G. I. Taylor and first applied 
to conditions in the Irish Sea. The principle is simply that under sta- 
tionary conditions the net amount of tidal energy which is brought into 


an area must equal the amount 
which is lost in the same area by 
dissipation due to friction. There- 
fore a determination of the net 
amount of tidal energy which is 
brought into an area represents also 
a determination of the dissipation. 

These studies have found an 
interesting application. It appears 
to be established by astronomers 
that the speed of rotation of the 
earth is very slowly decreasing, so 
that during a century the length of 
the day increases on an average by 
about one thousandth of a second. 
This slowing up may be caused by 
the dissipation of tidal energy, be- 
cause estimates of the dissipation 
give values which correspond to t 
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Fig. 147. Combined influence of fric- 
tion and the rotation of the earth on tidal 
currents in shallow water in the Northern 
Hemisphere (according to Sverdrup). 
For explanation, see text. 

3 energy needed for brining about 


the observed change in the earth’s period of rotation. 

So far, we have considered the effect of friction on the tides. In 
order to study theoretically the effect of friction on tidal currents, it is 
necessary to add the frictional tenns (p, 475) in the equations of motion 
applicable to long gravitational waves (p. 556), and to integrate the equa- 
tions. Such integration was performed by Sverdrup (1927) on the 
assumption that only the vertical turbulence need be considered and that 
the coefficient of eddy viscosity was constant. The boundary conditions 
were that at the free surface the shearing stresses should be zero and at the 
bottom the velocity should be zero. The results give some idea about the 
effect of friction, although the assumption of ^ constant eddy viscosity is 
not in agreement with more recent results according to which the eddy 
viscosity near the bottom increases rapidly with increasing distance from 


the bottom. 


The more important conclusions can be summarized as follows. 
Near the bottom there exists a “layer of frictional influence” the thick- 
ness of which depends upon the ratio s *= (2r sin ^)/To and upon the 
value of the eddy viscosit 3 '’, and above which the tidal currents have the 
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same character aa in the absence of friction. Within a progresrive wave 
in the NortJiem Hemisphere, with which the investigation deals, thie 
major axis of the current ellipse is in the direction of progress and maxi- 
mum current occurs at high water (fig. 147B}. Close to the bottom, in 
the layer of frictional influence, the current ellipse is more narrow, it is 
turned to the right, and maximum current occurs earlier (fig. 147C). As 
a consequence the current near the bottom will flow against the direction 
of progress. The velodties in the direction of progress at different time 
intervals and asiunction of depth are shown in fig. 1147A. A longitudinal 
j,j, 23 E 2 m section of thh wave (fig. 147D) 

shows that the lines along which 
N. \ I y — the vdodty is aero are no longer 
** nA I / vertical lines as in the case of no 

friction (p. 617), but are curved 
, A— — forward. The angle which the cur- 
/ I ys' ' ^ ellipse forms with the direc- 

I \ tion of progress does not increase 

® ia~^“p throughout the layer of frictional 

resistance but reaches a marimum 
at some distance above the bottom. 
^ If the depth to the bottom is sij^all, 

the effect of friction may reach to 
I ^ the surface, in which case the max- 

^ * imum surface current will no 

17 K 'longer coincide with, the direction 

w of progress but will deviate to the 

right and, in very shallow water, the 
0 S S S 36 cM/^ deviation may decrease towards the 
Fig. 148. Tidal currents in the North bottom. 

&a, lat, 68“17'N, long. 2®27'E, depth Figure 148 shows an example of 
80 m, demonstrating the effect of fnction ° . • .i tJt 

when approachingthe bottom. Measure- current measurements m tlie North 

ments by Helland-Hansen on August 7 Sea which appear to confirm the 
and 8, 1906. above conclusions. Other exam- 

ples are found in Sverdrup’s discussion (1927) of current measurements on 
the North Siberian Shelf, but in several of these cases it was necessary to 
take into account that the ice offered a reristance to the tidal motion 
and also that occasionally a nearly discontinuous increase in density at 
some depth brought complications. In the latter case an approximation 
could be obtained by introducing two layers of constant eddy viscosity 
separated by a layer of no eddy viscosity, the latter bring the layer of 
very great stability. 

The theoretical treatment of the subject has been expanded by Fjeld- 
stad (1929, 1936) who has found integrals of the equations of wave motion 
in cases in which the eddy viscosity can be represented as a simple funo- 
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tion of depth, and who has developed methods of numerical integrattop 
which are applicable to other cases. His conelurions are that tibe BBaea* 
rial features which were found by assuming a constant eddy viscority 
remain unaltered. In sufficiently deep water the current dlipse will at 
some distance from the bottom show a marimum deflecttun to the right 
(to the left, in the Southern Hemisphere) and when approaching the bot* 
tom the time of marimum current will be more and more advanced. It is 
shown that the value of the eddy visoonty near the bottom is of greatest 
importance, for which reason the character of the currents depends 
mainly upon the value of the eddy .viscosity at the bottom and upon the 
rate of increase directly above the bottom. 



Fig. 149. (A) Observed variations with depth of tidd currents at different lunar 

hours, according to measurements by Sverdrup on August 1, 1925, in lat. 76*36'N, 
long. 138°30'E. (B) Computed variation with depth of tidal currents, assuming an 

eddy viscosity which increases linearly from the bottom to the surface (according to 
Fjeldstad). 

At the bottom one should expect, from analogies with experimental 
work in laboratories (p. 479), that the eddy viscosity will be small, hav> 
ing a value which depends upon the roughness of the bottom and the 
“ friction velocity.” Near the bottom the eddy viscosity should increase 
linearly with increasir^ distance, the increment being proportional to the 
friction velocity. At some greater distance from the bottom, stability of 
the stratification may influence the eddy viscority, and in very shallow 
water the eddy viscosity must reach a maximum below the free surface 
and decrease to a small value at the very surface. In homogeneous 
shallow water it may be expected, however, that the introduction of an 
eddy viscosity which increases linearly from the bottom to the surface 
will ^ve a good approximation because cmitditions close to the bottom 
exercise the greatest influence upon the character of the motion and 
because at some distance from the bottom the value of the eddy viscosity 
is of minor importance. This is illustrated by the example in fig. 149. 
To the left are represented the components of the tidal current in the 
direction of progress of the tide wave, at the time of maximum current 
at the surface (marked I) and at the five following tidd hours. The 
curves are based on observations at three depths— 0, 12, and 20 m — on 
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August 1, 1926, iu lat. 76°36'N and long. ISS^SO'E, where the depth to the 
bottom was 22 m. 1116 current was at all depths rotating clockwise, and 
at 0, 12, and 20 m the ratios between the axes of the current ellipses w^ 
0.62, 0.53, and 0.61 respectively. To the right in the same figure are 
shown the currents which have been computed by Fjeldstad assuming 
A = 0.202 (2 + 68) g/cm see, where z is the distance from the bottom in 
centimeters. The computed values have been adjusted to give the 
observed average current, therefore emphasis must be put on the fact that 
the computed variation of the current with increasing distance from the 
bottom agrees with the observed. The computed i^tios between the axes 
of the current ellipses are 0.60, 0.56, and 0.56 at 0, 12, and 20 m, respec- 
tively. Both observations and computation show that in this case the 
ratio decreases very slowly when approaching the bottom. 

Observations of tidal currents at different distances from the bottom 
and within the layer of frictional resistance are not available from many 
localities and the factual information as to the effect of friction on tidal 
currents is therefore meager. Measurements from the North Sea off the 
coast of Germany have been dLscu&sed by Thorade (1928), who has 
studied the influence of friction by a different method of attack. In the 
North Sea the gravitational forces can be directly determined because the 
slope of the surface due to the tide wave can at any time be derived^rom 
tidal observations at coastal stations. Furthermore, Corioli’s force and 
the accelerations can be derived from the current measurements and the 
frictional forces can therefore be foui^ by means of the equations of wave 
motion because all other terms in {be equations are known. Thorade’s 
results are, in general, in agreement with the conclusions which have 
been presented, but many details need ftu'ther examination. It is of 
particular interest, however, to observe that on an average during one 
tidal period Thorade finds that the eddy viscosity is very small at the 
bottom, increases rapidly with increasing distance from the bottom, but 
decreases again when approaching the surface. The general character of 
this variation is in agreement with the above considerations as to the 
variation of the eddy viscosity. 

The influence of friction on tidal currents is also evident from studies 
of the tidal currents in the Dover Straits by J. van Veen (1938). He 
finds there that the velocity distribution between the surface and the 
bottom can be represented by means of a function of the form v = az^* 
where n equals about 5.2. Ihds implies that the eddy viscosity is approxi- 
mately proportional to meaning that the increase is somewhat 

less than that corresponding to a linear law, but no conclusions can be 
drawn as to the numerical values of the coefficient. 

The effect of lateral mixing on tidal currents has so far not been 
examined, but it is possible that friction arising from lateral turbulence 
is of importance close to coasts. 
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The Semidiumal Tide of Ihe Ationtie Ocean 

A number of tho theoretical conaderalions which have been set forth 
have been applied, particularly by Defant, towards explaining the tides 
of the Atlantic Ocean. Defant ( 1932) has dealt with both the semidiurnal 
and the diurnal tides, but in the following we shall consider mainly the 
semidiumal tide. 

The Atlantic Ocean and its continuation, the Norwegian Sea and the 
Polar Sea, can be considered as a long bay which is closed in the north, 
whereas in the south it is in open communication with the Antarctic 
Ocean. On the basis of this concept the tides of the Atlantic Ocean can 
be considered as composed of two parts, a cooscillating tide which is 
maintained by the tide of the Antarctic Ocean, and a free tide which is 
maintiuned by the direct effect of the tide-producing forces. Neglecting 
the rotation of the earth and the effect of friction, both the cooscillating 
and the free tide can be computed by means of the method of numerical 
integration which was presented on p. 539, taking into account that the 
energy of the part of the tide wave which enters the Norwe^an Sea and 
the Polar Sea is completely dissipated on the shallow shelves of these areas 
and that for this reason no reflected wave returns from these areas (p. 
577). Part of the entire tide wave will be reflected, however, and the 
resultant picture will have some similarity to that which was discussed 
when dealing with the effect of friction on the tide (p. 574). 

The numerical computations involved are somewhat lengthy but 
have been carried through by Defant. The result, in agreement with the 
conclusions presented on p. 575, is that the semidiurnal tide of the 
Atlantic Ocean can be considered as composed of two standing oscillations 
having a phase difference of one quarter period or three lunar hours. The 
computation renders only the variation in amplitude and phase along the 
middle section of the Atlantic Ocean and, in order to obtain absolute 
values, it is necessary to introduce observed values from two localities. 
As such observations Defant selected the tidal data from the Azores in 
the North Atlantic Ocean and from Tristan da Cunha in the South 
Atlantic, 

A check on the theory is obtained by comparing observed values 
of the amplitude and the phase of the semidiumal tide at other islands 
of the Atlantic Ocean with the computed vtdues, and a further check is 
possible by comparing theoretical phase an^es along the central part of 
the Atlantic Ocean with those which can be derived from Stemeck’s 
chart of dotldal lipes for the diurnal tide. This chart, which is reproduced 
in fig, 150, is baaed not only upon data from islands but upon all available 
data on the coasts. The full-drawn lines in fig. 151 show D^tmt’s 
computed values of the amplitude and phase of the semidiumal tide 
Along a line which approximately follows the center of the Atlantic Ocean. 



Kg. 150 . Cotidail lines of the semidiumsl tide in the Atlantic Ocean (Sterneck). 
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The crosses indicate the amplitude or phase at the island stations, the 
names of which are shown in the figure, and the dashed line in fig. 151B 
indicates the change in phase according to Stemeck’s map. The agree* 
ment between observations and computations is remarkably good, all of 
the crosses falling nearly on the computed curves. The discrepancy in the 



Fig. 151. (A) Computed variation of the amplitude of the semidiurnal tide along 

the central part of the Atlantic Ocean (according to Dcfant). Crosses indicate 
observations at islands. (B) Computed variation of the phase of the semidiurnal 
tide along the central part of the Atlantic Ocean (according to Defant). Crosses 
represent observations at islands, and dashed lines represent the variation according 
to Stemeck*8 map. (C) Computed variation of phase of the semidiurnal tidal cur- 
rents along the central part of the Atlantic Ocean (according to Defant). Dots 
represent observed values 

northern part of the North Atlantic Ocean between the computed phase 
and the phase as derived from Stemeck’s map can be accounted for 
by the fact that the location of the amphidromic point to the south of 
Greenland is admittedly uncertain. The agreement speaks strongly in 
favor of Defant’s concepts, and further evidence for the validity of his 
computations is obtained by an examination of the tidal currents as 
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derived mainly on the Meteor ]&cpeditu>n. Fi^re ISlC shows Ihe com- 
puted phase of the maximum tidal current which corresponds to the 
theoretical amplitude and phase of the tide, and in the same figure are 
entered as dots the observed phases of the tidal current at 16 anchor 
stations. All the observed values fall remarkably close to the computed 
curve, and this result is of great importance because it represents an 
entirely independent check on the correctness of the fundamental assump- 
tions concerning the character of the tide. 

Certain discrepancies are revealed, however, If one compares the 
observed amplitudes of the tidal currents with the theoretical. Defant 
points out that the computed and observed velocities show similar varia- 
tions with latitude if one subtracts from the observed velocities a latitude 
effect which can be ascribed to the earth’s rotation. The latter was 
neglected when making the computation and must therefore be eliminated 
from the observed values. The correction which should be applied 
is due to the fact that on the rotating earth the velocity of the tidal 
current is 


Vo 

V = 7== 

y/l — 

if tfo represents the corresponding velocity, neglecting the earth’s rotafion, 
and where s = (T sin ^)/12 (p. 671). In order to make a comparison 
between the computed and the o bserve d values, the latter should be 
reduced by multiplication with y/l t «*. 

After having done this, Defant finds that the character of the variation 
of the velocities agrees with the computed velocities, but the observed 
velocities are between two and three times greater than the computed. 
The computations give velocities of about 3 cm/sec, whereas the reduced 
observations give velocities of about 8 cm/sec. Defant suggests that 
this discrepancy arises because the direction of the tidal currents is not 
uniform through an entire cross section, as postulated by the theory, but 
another possible explanation is suggested on p. 695. Whether or not 
these explanations are accepted, the evidence in favor of Defant’s theory 
is so great that his explanation of the semidiurnal tides of the Atlantic 
Ocean has to be g^ven weight. 

Conceriting the character of the tidal currents it should be observed, 
furthermore, that the current measurements plainly show the effect 
of the earth’s rotation. At all anchor stations the average semidiurnal 
current between the surface and the greatest depth of observation showed 
robiting currents, the direction of rotation being cum ede in 55 of 60 cases, 
including as cum sofc four cases in which the current was practically 
idtemsting. The ratio between the major and minor axes of the current 
ellipses was on an average close to tiie theoretical value s » (T sin v)/12 
(p. 571) . Thus, in mean latitude SOLIS' , the observed ratio between the 
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axes was 0.57 against computed 0.61, and in latitude 8*’57', the observed 
ratio was 0.19 against computed 0.16. These results clearly demonstrate 
the effect of the rotation of the earth, which was also brought out by the 
general increase of velocities when departing from the Equator. 

Defant also computed the difference between the time of the mawmiim 
tidal current at the different anchor stations and the time of high water. 
He finds that in general hicdr water occurs about one and a half hours 
before the maximum tidal current towards the north, and pmnte out that 
this time difference should be zero if one had to deal with a progressive 
wave, and three hours if one had to deal with a standing wave. The fact 
that the time difference lies between these two values also shows that the 
semidiurnal tide of the Atlantic Ocean has neither the character of a 
progressive wave nor that 'of a standing wave, but is intermediate and 
can be regarded as brought about by superposition of several standing 
waves. It may especially be observed that in the South Atlantic Ocean 
the wave has nearly the character of a progressive wave, whereas in the 
North Atlantic Ocean the characteristics of a standing wave are more 
conspicuous. 

The diurnal tide of the Atlantic Ocean is less well-known and Defant 
confines himself to a more summary treatment, the results of which indi- 
cate, however, that similar concepts are applicable in that case as well. 
It should be particularly pointed out that in the case of the diurnal wave 
the ratio between the axes of the current ellipses does not increase as 
rapidly as required by the simple theory on p. 571. According to this 
theory the current ellipse should degenerate in 30®N to a drcle with 
infinite radius, and beyond 30°N diurnal waves of the simple character 
considered should no longer be possible. The observations show that the 
ratio between the axes of the diurnal current ellipses increases very slowly 
with increasing latitude, indicating that in relation to the diurnal wave the 
Atlantic Ocean cannot be considered as a wide ocean but as a bay or 
canal of moderate width. This conclusion may have bearing on future 
studies of the diurnal tides. 

Similar treatment of the tides of other oceans has not yet been 
attempted and will encounter much greater difficulties. This is par- 
ticularly true when considering the Pacific Ocean, which is so large that 
there the free tides must be of much greater importance. 

bitemal Woves 

The waves which have been dealt with so far are characterized by 
maximum vertical displacements at the surface. For short waves the 
vertical displacement of the water particles decreases exponentially 
downwards, and for long waves the vertical displacement decreases 
linearly with depth, being zero at the bottom (p. 521). These waves will 
now be called ordinary waves. They are the only ones possible in homo- 
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g^neout water, but they are also possible in stratified water or in water in 
which the density is not a function of depth only. In stratified water 
and in water in which the density varies with depth, other types of waves 
may occur which are called boundary or intemtU wooes, and which are 
characterized by having the greatest vertical displacements at the 
boundary surface or at some intermediate depth where the amplitude can 
many times exceed the amplitudes of waves on the free water surface. 

The theory of the internal waves was first -developed by Stokes 
(Lamb, 1932, p. 370) in the simple case of two layej^ of different density, 
and the general theory of progressive internal waves in heterogeneous 
water was developed by Fjeldstad (1933). Both theories have found 
application to oceanographic phenomena. 

In a fluid consisting of two layers of infinite thickness, one lower 
layer of density p and one upper layer of density p', waves at the boundary 
surface between the two layers will have a velocity of progress as given by 


2ir p -f- p' 


(XIV, 46) 


These waves are short waves because it is assumed that both layers of 
fluid are of infinite thickness, on which assumption the wave length L 
is always neglipble compared to the thickness of the layers. If p' 
means the density of the air and p the density of the water, the equation 
gives the velocity of progress of ordii^iry surface waves (p. 519), as p' is 
very small relative to p. The surface waves which were’ dealt with on 
pp. 522-537 can therefore be considered as “ internal” waves on the 
boundary betwe^ the air and the sea. 

When dealing with internal waves in water which has a free surface 
but consists of two homogeneous layers of different density, the kinematic 
and dynamic boundary conditions must be fulfilled both at the free 
surface and at the internal boundary surface, and the equation of con- 
tinuity must be satisfied. This leads to a quadratic equation for 
which, for short waves, has the approximate roots 


Cl* 


_ 

~ 2t 


j ^ p - p' 

2r p coth kV + ^ 


(XIV, 47) 


ftiMiiTning that the thickness of the lower layer k is great compared to 
the wave length. Here p represents the density of the lower layer 
and p' and h' represent density and thickness of the upper layer. If the 
wave length is great compared to V, nk' is a small quantity, coth xh! can 
be replaced by i/xW, and equations (XIV, 47) are reduced to 
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(XIV, 48) 
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Applied to the ocean, this means that wherever there exists a thin top 
layer of water of small density, two types of waves are possible: the 
ordinary surface waves that progress with velocity ci; and the internal 
waves at the boundary between the light top layer and the heavier water 
underneath, that progress with velocity C 2 . Ekman (1904) has availed 
himself of this conclusion in order to explain the phenomenon known as 
“dead water.” In the time of the sailing vessels many captains reported 
that with a light breeze their vessels occasionally appeared to “stick” in 
the water, behaving sluggishly and making little headway. The experi- 
ence was particularly common in Arctic waters in the presence of a thin 
top layer of nearly fresh water produced by melting of ice, and off rivers 
from which fresh water spread out. Slowly moving steamers have had 
similar experiences, but when their speed was increased to a few knots the 
unusual resistance disappeared. According to Ekman's theoretical 
studies and the results of his numerous experiments, this dead water is 
due to the fact that a slowly moving vessel may create internal wavers 
at the lower boundary of a thin fresh-water layer the thickness of which 
is not much less nor much greater than the draft of the vessel. The 
energy otherwise applied towards overcoming the ordinary resistance 
of the water will now be used also for generating and maintaining internal 
waves, for which reason the vessel appears to “stick” in the water. 
The velocity of progress of internal weaves as given by equation (XIV, 
48) is, however, small. If the velocity of the vessel is greater than this 
small value, no internal waves are created and the vessel can proceed 
normally. With p — p' = 0.025, nearly corresponding to a layer of 
fresh water on top of sea w^ater of temperature 10°C and salinity 30 Voo, 
and with A' = 400 cm, one obtains = 100 cm /sec =1.9 knots. These 
numerical values indicate that at a speed of a few" knots no internal 
waves are created, w"hich is in agreement with the general experience 
that dead water is not encountered at speeds above a few knots. 

The short internal waves that have been dealt with so far may be 
present anywhere in the ocean, but escape observation on the high seas 
where the variation of density with depth is less conspicuous. In the 
open ocean lorig internal waves exist, however, and these have in recent 
years received much attention. When dealing witli two layers and 
neglecting the effect of the earth's rotation the velocities of progress of the 
ordinary long wave and of the internal wave are obtained from the 
equations 

= »(/. + k'); 

It is assumed that p — is a small quantity and that the wave length 
is long compared to the total depth, k + h'. Evidently c\ represents 
the velocity of progreifs of an ordinuy lon^ wave and need not be con- 
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sidered here. The velocity ct, on the other hand, represents the velocity 
of progress of the internal wave. If A is great relative to A', the formula is 
reduced to (XIV, 48). 

The internal wave is characterized by having its maximum amplitude 
at the boundary surface. At the free surface the amplitude of the internal 
wave does not entirely disappear but is reduced to 


no 


-Zip - o') 
p 


(XIV, 50) 


where the minus sign indicates that at the surface the phase is opposite 
to the phase at the boundary Z. At an internal boundary surface in 
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Fig. 152. (A) Schemati? representation of an internal wave at the boundary 

between two liquids of densities p-and p'. (B) Schematic representation of the 

variation with depth of the amplitudes of the vertical displacements n and i»'. 
and of the maximum horizontal velocities (/' and V. 


the open sea the difference in density (p — p') hardly ever exceeds 
2 X 10“*, corresponding to, say, <r< = 25.0 and o/ = 23.0. With this 
difference and with Z = 10 m, one obtains rjo — 2 cm, meaning that at the 
free surface the amplitude of the wave is so small that for all practical 
purposes it can be disregarded. At the bottom, no motion normal to the 
bottom can exist and there the vertical displacement must also disappear. 
In the simple case under consideration the amplitude of the internal 
wave increases linearly from the free surface to the boundary surface and 
decreases linearly from the boundary surface to the bottom (fig. 152B). 
The change in amplitude with depth is therefore equal to Z/h' in the 
upper layer, and to ~ Z/h in the lower layer. The amplitude of the hori- 
:tontal particle velocities can be derived from the vertical amplitudes 
because the relation exists 


(XIV, 51) 
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giving F' cJLfV and F *= —ctZlh, respectively. Here Y’ axkd F 
represent the amplitudes of the horizontal velocities and in the presort 
case the amplitude is evidently constant within each layer but it changes 
abruptly at the boundary surface. The opposite sign indicates that the 
velocities a^e in opposite directions in the two layers and, as VK » Vh, 
the velocities are inversely proportional to the thickness of the two 
layers (fig. 152B). Introducing the velocity ct of the internal wave, one 
obtains 


‘ ^ 4vv^-m'-r' 

With g = 981 cm/sec*, p = 1.025, p — p' 
160 m, and Z = 10 m, one obtains 


4 ^ 


gh' 


Hh + h') 
= 2 X 10 


^ (XIV, 52) 

p 

A' = 40 m, A = 


V = 19.5 cm/sec, F = 4.8 cm/sec. 


This numerical example shows that internal waves are characterized by 
large horizontal particle velocities. The corresponding velocity of 
progress of the internal wave is 78 cm/sec, whereas the ordinary long 
wave proceeds at a velocity of 4430 cm/sec. 

The character of the internal wave at the boundary between two 
liquids of different density is illustrated in fig. 152A, w'hich shows the 
deformation of the boundary surface and the directions of the horizontal 
velocities within the two layers. The wave is supposed to progress from 
left to right. At the line marked a the horizontal currents in the upper 
layer are divergent, for which reason the lower boundary surface must 
rise, and the horizontal velocities in the lower layer are convergent, 
for which reason also the boundary surface must rise. At the line marked 
b the boundary surface must sink for .similar reasons, and the wave must 
therefore progress from left to right, as stated. In the figure it is also 
indicated that the vertical displacement of the free surface is opposite in 
phase to that of the boundary surface, but the displacement of the free 
surface has been greatly exaggerated. The pressure at the bottom 
remains constant and equal to the hydrostatic pressure because the 
vertical accelerations are neglipble. The amplitude of the deformation 
of the free surface can be computed from the hydrostatic equation and 
the result is as before, = — Z(p — p')/p- , 

If several boundary surfaces are present^S^veral internal waves can 
occur simultaneously, and the greater the number of boundary surfaces, 
the greater the number of possible internal waves. On the basis of this 
reasoning, when the density varies continuously with depth one should 
expect an unlimited number of possible internal waves. That such is the 
case has been shown by Fjeldstad (1933), who has developed the titeory 
of internal waves in water in which the density is a continuous function of 
depth. He deals with progressive waves only, and presents a complete 
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solution, neglecting the rotation ci the earth and friction. In this case 
the posable internal 'waves corresponding to a given distribution of 
doisity can be computed by means of numerical integration of a simple 
difierential equation, taking into account the boundary conditions at the 
free surface and at the bottom. The equation has an infinite number of 
solutions corresponding to an unlimited number of internal waves. The 
wave of first order is characterized by vertical displacements in the same 
direction from top to bottom and maximum amplitude at one level; the 
wave of second order is characterized by vertical displacement in opposite 




Fig. 153. (A) Variation with depth of the vertical displacements corresponding 

to internal waves of hrst, second, third, and fourth order at Michad Sara Station 115 
(according to Fjeldstad). The density distribution is shown by the curve marked 
tf*!. (B) Variation with depth of the amplitudes of the horizontal velocities corre- 

sponding to an internal wave of first, second, third, and fourth orders (according to 
Fjeldstad). Vertical displacements and amplitudes are plotted on an arbitrary scale. 

directions within an upper and lower layer, and by two maxima of ampli- 
tude; the wave of third order is characterized by three maxima of ampli- 
tude, the wave of fourth order by fourmaxima, andso on. The horizontal 
velocity is always zero where the amplitude is at a maximum and within 
the wave of first order the horizontal velocity is therefore zero at one level, 
within the wave of second order the horizontal velocity is zero at two 
levels, and so on. 

Figure 153A shows Fjeldstad’s computed vertical displacements and 
horizontal velocities as functions of depth for the internal waves of first, 
second, third, and fourth orders, corresponding to the distribution of 
denaty as shown in the same figure, which was observed at Michael Sore 
station 115 (Helland-Hansen, 1930), where the depth to the bottom was 
580 meters. The amplitudes of the accompanying horizontal velocities 
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ate ptesented by the curves in fig. 153B. Tte amplitudes of the vertical 
displacements and horisontal currents in fig. 158 are plotted on an arfai« 
trary scale because ilhe computation leads to relative values oxtly. The 
absolute values must be determined by observations. Furthermore, the 
computation tells nothing about the phase of the waves of different order. 
If several waves are present simultaneously, they may have differ- 
ent phases, and agtdn the phase of each wave must be determined by 
observation. 

Fjeldstad’s method also leads to determination of the velocity of 
progress of waves of different orders, provided that the depth is constant 
and that the distribution of density remuns tmaltered in the direction of 
progress; but the periods of the waves cannot be determined theoretically 
and must be derived from observation. At Michael Sure station 115 
the velocities of progress were Ci = 70 cm/sec, c* = 39 cm/sec, 
cj = 26 cm/sec, and Ci = 19.5 cm/sec; and for a wave of period 24 lunar 
hours the corresponding wave lengths are 62.5 km, 34.8 km, 23.2 km 
and 17.4 km, respectively. Evidently, the internal waves are short 
compared to tide waves. It should be observed that the velocity of 
progress increases when the difference in density between the upper and 
lower layers decreases, and also increases with increasing depth to the 
bottom. In low and middle latitudes the velocity of progress of the 
first-order wave will, however, rarely exceed 300 cm/sec. For diurnal 
or semidiurnal waves the corresponding wave lengths are 268 km or 
134 km, respectively, and the waves of higher order are correspondingly 
shorter. 

Observations indicating vertical displacements of water masses 
which may be related to internal waves have been made on numerous 
occasions when oceanographic observations have been repeated in the 
same locality at short time intervals. If ol^ervations of temperature 
at different depths are made at, say, hourly intervals, from an anchored 
vessel or from a vessel which maneuvers in such a manner that its position 
changes only one or two miles, it is often found that the temperature 
varies more or less periodically at all depths. Assuming that these 
variations are due to vertical displacements, one can find the vertical 
displacements at the different depths if the average temperature distribu- 
tion is known. If, for instance, the average temperature at 200 m is 
12.40® and at 220 m is 12.17®, it may be concluded when a temperature of 
12.17® is observed at 200 m that water which under undisturbed condi- 
tions should be found at 220 m has been displaced 20 m upwards. If the 
temperature oscillhtion at a given depth d is periodic and has an amplitude 
of A®, the amplitude of the corresponding vertical oscillation is found by 
dividing the amplitude A® by the average temperature gradient at that 
depth, {dd/dz)i. Similar conclusions may be based on observations of 
salinity and o:>Qrgen, and when all these dlen^ents have been observed good 
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agre^ent has been obtained between the vertical displacements com- 
puted from all three sets of observations. It should be emphasised, 
however, that the observed variations need not be due to vertical dis- 
placmnents but may be associated with horisontal motion of hetero- 
geneous water masses. 

If the observations have been carried out during a sufficiently long 
time, it is possible to find the period length of the oscillations. In a 
number of cases period lengths have corresponded to tidal periods, and it 
has ther^ore been concluded that internal waves'^pf tidal periods com- 
monly occur in the ocean. It is not probable that such internal waves are 
caused directly by the tide-producing forces but it is more nearly proba- 
ble, as suggested by Defant, that they are caused by the periodic varia- 
tions of the actual tidal currents which may lead to periodic changes in the 
inclination of isosteric surfaces in the sea. Besides these internal waves 
of tidal periods, waves of other periods also exist. 

The first observations of short-period variations which indicated 
the existence of internal waves were discussed by Helland-Hansen and 
Nansen (1909). On the Michad Sara Expedition to the North Atlantic 
in 1910 , repeated serial observations were made at several stations, and 
on one occasion simultaneous observations in the Faeroe-Shetland Chan- 
nel were conducted from the Michael Sara and the Scottish resdhrch 
vessel, the Goldeeeker, the two vessels being about 106 km (57 mi) apart. 
The possible vertical displacements derived from the temperature 
observations can be well represented two periodic oscillations of period 
length 12 and 24 lunar hours. The results of Helland-Hansen’s harmonic 
analysis (1930) of these data are given in table 73. It appears that the 
oscillations at the two stations, were different in respect to the vertical 
variations of amplitude and phase of the two waves, and in respect to the 
relative magnitude of the semidiurnal and diurnal oscillations. This 
might be expected if the oscillations were associated with progressive 
internal waves. If waves of different order are present, the combined 
result may be a complicated variation with depth of amplitudes and phase 
angles (fig. 156, p. 598), and the velocity of progress of such waves is so 
small, 0.7 to 2.5 km per hour, that different phases must be found at sta- 
tions which are 106 km apart. Furthermore, the amplitudes may vary 
along a line at right angles to the direction of progress, owing to the earth’s 
rotation, as in a Kelvin wave (p. 555). 

In his discussion Helland-Hansen draws special attention to the fact 
that the observed variations of temperature may be caused by variations 
of horisontal currents and not by internal waves. In the Faeroe-Shetland 
Channel all isothermal surfaces slope considerably, and lateral displace- 
ment might therefore pve rise to such variations as were recorded. 
The same reservation must always be made when interpreting oscillations 
(ff temperature in a region where a lateral temperature gradient exists. 
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Recent measurements by SeiweU (1937) have substantiated the view, 
howevN*, that obemved oscillations are due to vmtical displacements 
not to horisontal movement, because he selected a locality for repented 
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Fig. 154. Variation of temperature {thin curtte) at a depth of 500 
meters on July 13, 1936, and corresponding vertical displacements {heavy 
curve). From Seiweirs observations (1937). 

serial measurements in the region NNW of Bermuda within which, on 
several of the Atlantis cruises, very small horizontal gradients had been 
found. On July 12 and 13, 1936, SeiweU (1937) observed very large 

Tablb 73 

RESULTS. OF REPEATED SERIES OF TEMPERATURE AND SALINITY 
OBSERVATIONS IN THE FAEROE-SHETLAND CHANNEL 
(August 13-14, 1910, at the Michael Sore Station 115 in Lat. 61^'N, Long. 2*’41'W, 
Depth 580 m, and at the S<^ttish Station Sc {Ooldseeker), in Lat. 61''32', Long. 4''19'W , 
Depth 725 m. According to Helland-Hansen, 1930) 


Semidiurnal vertical displacements Diurnal vertical displacements 


Depth 

(m) 


Michael Sara 
115 



Michael Sara 
115 



Ampli- 

tude 

(m) 

Phase 

(lunar 

hours) 

Ampli- 

tude 

(m) 

Phase 

Gunar 

hours) 

AmpU- 

tude 

(m) 

Phase 

(lunar 

hours) 

Ampli- 

tude 

(m) 

Phase 

(lunar 

hours) 

15 

6.3 

4% 

HRI 

18 

kBI 

39 

12.3 

12 

8.4 

58 

11.2 

16 

mSm 

11 

14.2 

24 

9.3 

22 

11.6 

9, 

msSM 

8 

17.7 

7 

9.5 

11 

9.2 

19 

9.0 

9 

4.4 

3 

6.6 

24 

11. 1 

5 

11.3 

6 

5.2 



24 

7.3 



25 

1.2 


vertical displacements, reaching total ranges during 24 hours up to 80 m 
at depths of fiOO to 600 m. As an eicample the observed temperatures at 
500 m are shown in fig. 154 where the corresponding ve^cal displace- 
ments are also entered. The latter were computed by dividing the tern- 
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pe»ttti« deviatioos from the 24>hourly mean value by 0.0125, the average 
temperature gradient at 500 m. In the figure an upward displacement is 
positive. 

Harmonic analy^ showed that at all levels the major part of the 
observed oscillations could be represented as the sum of three oscillations 
of periods 24, 12, and 8 lunar hours. The amplitudes of the harmonic 
terms varied with depth, but the 24-hour term dominated at all levels and 
the 8-hour term was smallest at most levels. The facts that in this case 
horizontal motion cannot account for the observed Variations of tempera- 
ture and that the oscillations were periodic strongly siiggest the presence 
of some kind of wave motion. 


TABT.X 74 

RESULTS OF CURRENT MEASUREMENTS AND REPEATED SERIES OF 
TEMPERATURE AND SALINITY OBSERVATIONS 
(Meteor Anchor Station 176 in Lat. 21°29.8'S, Long. ll‘‘41.5'W, Near the Middle Line 
of the South Atlantic Ocean. Depth to the bottom, 2160 m. According to Defant 

1932) 


Depth 

(m) 

Semidiurnal waves 

Diurnal waves 

Current 

Vertical 

displacement 

Current 

Vertical 

displacegient 

Maxi- 

mum 

current 

towards 

Veloc- 

ity 

(cm/ 

sec) 

Phase 

(lunar 

hours) 

Ampli- 

tude 

(m) 

fir 

Maxi- 

mum 

current 

towards 

Veloc- 

ity 

(cm/ 

sec) 

Phase 

(lunar 

houra) 

Ampli- 

tude 

(cm) 

Phase 

(lunar 

hours) 

0 

N4rw 

6.8 

3.5 








50 

N30 W 

9.4 

3.0 



If SI 


11.8 



100 

N 72E 

5.4 

1.9 



r V 

4.8 

15.9 



150 

N67E 

11.6 

3.3 

7 

3.7 

iJI: ^mv 

9.9 

6.1 

4 

7.4 

200 

N61 W 

11.1 

6.8 


4.0 

limi 

6.7 

3.8 

8 

16.9 

300 

N42 W 

9.4 

6.3 

7 

3.6 


4.7 

5.4 

6 

23.4 

500 

N51 W 

5.7 

3 2 

1 

7 

3.8 

j/tm 

11.9 

17.2 

6 1 

6.4 


The existence of internal waves is also confirmed by the results of 
numerous current measurements from vessels anchored in deep water 
(Ekman and Helland-Hansen, 1931, Defant, 1932, Lek, 1938). Observa- 
tions from different depths show that currents of tidal periods dominate; 
but, instead of being uniform from surface to bottom as would be expected 
if the currents were ordinary tidal currents, the amplitude and the time of 
maximum current (the phase) vary in a complicated manner with depth, 
and at some levels the semidiurnal currents are strongest, and at others, 
the diurnal. This is illustrated by the results of current measurements 
and repeated serial observations at Meteor anchor station 176 on the Mid- 
Atlantic Ridge in the South Atlantic Ocean, lat. 21'*29.8'8, long. 1 1*’41.5'W 
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(see table 74). Direction, velocity, and phase of the semidiurnal and 
diurnal components of the currents which were rotating cum sole, varied 
apparently irregularly from one depth to another. The same was true 
in the case of the vertical displacements, particularly the diurnal. The 
observations were limited, however, to the upper 600 m, and as the depth 
to the bottom was 2160 m only part of the total of possible internal waves 
was observed. 

It is evident that extremely complicated currents may be found if 
several intmual wavm different orders, different phases, and different 
tidal periods are present, and if the currents associated with these waves 
are superimposed upon the ordinary tidal currents. At first glance it 
may appear hopeless to separate the latter from the currents of the inter- 
nal waves of tidal periods, but fortunately these “internal tidal currents” 
can be eliminated if observations are available from a sufficient number of 
depths. Because (p. 688) 


where Vn is the horizontal particle velocity of the wave of nth order, 
and c„ and itn the corresponding velocity of progress and vertical displace- 
ment; and because for all internal waves n is zero at the surface and at the 


bottom, one has generally 



(XIV, 63) 


When dealing with long internal waves at the boundary between two 
layers, the corresponding equation was V'h* — Vh = 0. 

It follows from equation (XIV, 53) that currents associated with 
internal waves are eliminated by computing the average currents between 
the surface and the bottom, provided that observations from a sufficient 
number of depths are available. Such elimination was attempted by 
Defant when he derived the tidal currents from observations at anchor 
stations in the Atlantic Ocean (see p. 684), but the available data were 
mostly from the upper layers only, and this accounts perhaps for the 
fact that he found much greater velocities than those corresponding 
to the range of the tide. 

So far, the effect of the earth’s rotation and of friction have been 
neglected. It cannot be expected that Coriolfs force alters the variation 
with depth of amplitude of the internal wave, and Fjeldstad’s method 
should ^erefore in all cases give correct results as to the relative ampli- 
tudes. 6n the rotating earth the accompanying currents, however, will 
also be rotating if the period of the internal wave approaches the period 
of a pendulum day. Transverse currents will accordinidy be present, 
but these must also satisfy equation (XIV, 63) and can therdore be 
eliminated if observations from many deptlu are available. The velocity 
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of progress of the wave will probably be increased and the currents 
Corresp<»iding to an internal wave of given amplitude will therefore be 
stronger. 

An internal wave in water consisting of two layers of different density 
can be considered as an oscillation of the boundary surface. Defant 
(1940) has shown that on the rotating earth the period of a free oscillation 
cS a boundary surface in the sea approaches the period of the inertia 
oscillation wl^ the dimensions of the oscillating system are great. 
In a basin of length I the longest period of the free i^cillations is, with the 
previous notations and neglecting the earth’s rotation, 

The period of the inertia oscillation is — 2r/2(i) sin (p. Defant obtains 
the result that on the rotating earth the period of the free oscillation is 

^ - i+hr;?’ 


provided that the width of the basin is at least as great as the length. 
It follows that if Tr is great compared to T,, which may happen if I is 
great, T approaches IT,. Defant deals with a two-layer system onlyf but 
his general result is undoubtedly correct and is of the greatest importance 
to the interpretation of observed currents and vertical displacements 
associated with internal waves. 

As a numerical example values from the Baltic may be introduced, 
p — p' = 2 X 10~*, h' = 25 m, and A = 36 m. With these values one 
obtains Tt = 3.75 1 (I in meters). If it is required that T^/Tr = 0.1, one 
obtains in latitude 57'*49', I — 136 km . In a basin of these dimensions, the 
difference between the periods of the free oscillations and the inertia 
oscillation would be only 1 per cent, and it seems therefore probable 
that a disturbance which would develop motion in the inertia circle would 
set up free oscillations of the boundary surface. A deeper basin or a 
basin in lower latitudes would have to be of greater dimensions; thus, 
with p — p' =■ 2 X 10"*, A' = 500 m, and h = 1500 m, one obtains 
Tr =» 0.736 1, and with T,/Tr = 0.1, one finds that in the latitude 67*49', 
I sx 692 km, and in latitude 30*, I ^ 1170 km. 

The friction will lead to a dissipation of the energy of the internal 
wave, and unless the wave is maintained by a periodic disturbance it will 
gradualiVy die off. The current otMervations from the Baltic by Gustafson 


aj)d £ullenbei;^whieh were discussed on 438 104)^ can be 

intorpre£«cl am inertiA osoillAtioaa thBt bc OesOciated with On intCm^ 

It Is *!.^ir****^f”* gradual dissipation <rf the energy of the wave. 

comptica acS the internal waves greatly 

ovement of the water and lead to th€ 
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existence of extremely intricate patterns of currents and vertical di^ 
placements, and also that very extensive observalions are needed in 
order to find the character of the internal waves. By making use of 
Fjeldstad’s theory, however, it is possible in some cases to unscnunble 
the puszle presented by repeated observations which at first glance show 
nothing but a confusion of apparently meaningless variations. 



Fig. 155. Variation in depth of stated ot values 
on June 23 and 24, 1930, acco^ing to observations of 
the SnMivs Expedition at Station 253A in lat. 1 '’47.5'S, 
long. 126°59.4'£. 

An illustration of the application of Fjeldstad's theory is given by 
Lek (1938) in his discussion of results of current and serial measurements 
of the SneUiits Expedition in the eastern part of the Netherlands £2ast 
Indies, 1929-1930. On this expedition current measurements were 
made at a number of anchor stations and at one of these, station 253A, 
lat. 1*47.5'S, long. 126®59.4'E, very complete observations comprised 
hourly measurements during 26 hours of currents at 0, 50, 100, 200, 350, 
and 500 m, and hourly observations of temperature, salinity, and oxygen 
at seven depths between the surfsuse and 800 The depth to the 
bottom was 1740 m. From the temperature and salinity data the 
density was computed. In fig. 155 is shown the variation in depth of 
different «« curves during the period observation. From this graph 

one ohtam &d 'mpimm lasit yvsM. 

took place, some of which appear to have been of a diumaf, others of a 
semidiurnal, period. The phases of the oscillaticms ^ hnve 

varied with d<mth, tlie vertical escalation at a depth a^ut 50 m b^ 
oppo^te hi jAfafy to ihe oacillation at a d^th of about 230 m. Hmoe, 
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internal waves of smidiumal and diurnal tidal periods apparently were 
present. From the observations, tiie mnplitudes and phases of the 
semidiurnal and diurnal vertical oscillations were derived at the levels 
50, 100, 150, 260, and 400 m. 

In order to examine the character of these waves, Lek, in cooperation 
with Fjeldstad, computed the relative amplitudes of the internal waves 
of first, second, third, and fourth orders by means of the average dis- 
tribution of density between the surface and ^e bottom. Consider 
first the semidiurnal oscillations. It is evident ' that any observed 



Fig. 156. (A) Variation with depth of the amplitudes of intemhl waves of order 

1 to 4 at Sndliiu Station 253A. The phases of the different waves are shown in the 
figure. (B) Curves show the variation with depth of amplitude v and phase a, as 
derived from the curves in (A). Crosses and dots indicate observed values (according 
to Ldc and Fjeldstad). 

variation with depth of amplitude and phase can be represented by a 
sufficiently large number of the theoretical internal waves of different 
orders, because the absolute values of the theoretical amplitudes and 
the phase angles of the theoretical displacements can be adjusted to fit 
the observed data. A certain check on the theory is, however, obtained 
if the number of the theoretical internal waves is smaller than the number 
of depths of observations. 

In the present case observations from five levels were used for deter- 
nuning the amplitudes and phases to be assigned to the internal waves 
of orders one to four, meaning that an adjustment was made, and that 
the validity of the theory could be checked to a certain extent by examin- 
i^ how closely the observed values would agree with the theoretical 
after making such adjustments. Figure 156A shows the adjusted ampli- 
tudes and phase anfdcs of the internal waves of order one to four between 
tire surface and 600 m. From this figure it is evident that the wave of 
third order is dominant. By combining these four waves one obtains 
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the theoretical curves for the variation with depth of amplitude ai^ 
phase angle of the semidiurnal oscillation, which are shown in fig. 156B, 
and in which the observed values are entered as circles and crosses. 
The good agreement speaks in favor of the theory, and a similar computa- 
tion dealing with the diurnal waves gives equally good agreement. 

Table 76 

CURRENTS OF DIURNAL TIDE PERIOD AT SNELLIVS STATION 263a, 
ACCORDING TO OBSERVATIONS AND COMPUTATIONS BASED ON 
VERTICAL DISPLACEMENTS 


Depth 

(m) 

Amplitude (cm/sec) 

Phase 

Observed 

Computed 

Observed 

Computed 

0 




126.8® 

50 




139.0 

100 




247.5 



19.5 

237.7 

247.6 



13.0 

228.8 

225.6 


9.0 

0.5 

260.9 

202.5 

500 

7.8 

6.1 

2.9 

352.7 


These results cannot be considered as conclusive evidence as to the 
character of the observed displacements, because the numerical values 
of the theoretical terms have been adjusted to fit the data, but an entirely 
independent check can be obtained by computing the currents corre- 
sponding to the theoretical internal waves and comparing these computed 
values with the observed ones. When doing this, it should be borne in 
mind that the theory presupposes the existence of progressive waves, 
and agreement in phase of computed and observed currents would 
indicate that the internal waves actually were of the progressive type. 
It should also be borne in mind that the observed currents include 
ordinary tidal currents besides those associated with internal waves of 
tidal periods, and that for this reason certain discrepancies must be 
expected. The semidiurnal currents were not used as a check on the 
theory because there were reasons for believinl^-that these were not of the 
simple progressive type, but the computed and observed diurnal currents 
which are shown in table 76 are in. surprisingly good agreement, par- 
ticularly when considering the reservations which were made. Lek 
points out that the greatest discrepancies between computed and observed 
values occur at a depth of 350 m, where according to the theory the 
current due to internal waves should nearly varush, and that therefore 
the discrepancy may be due to the presence of actual tidal rmrrents. 
It thus appears that in this case the complicated variations of the currents 
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have been cBseatani^. One reason for the success may be that the 
measuimnents were made very near the Equator, where die efflset 
oS the earth's rotation should be negligible, as assumed when developing 
die theory, for which reason the actual velocity of progress of the internal 
waves should agree with the theoredcal. 

Lek mid Fjeldstad find the following velocities of progress: ci = 234 
cm/sec, c* =* 116 cm/sec, c* = 77 cm/sec, C 4 = 58 cm/sec. The cor- 
responding lengths of the waves of period 24 lutnjir hours are 210 km, 
104 km, 69 km, and 52 km, respectively. 

This example illustrates the numerous complications which may be 
encountered anywhere in the ocean, and serves to emphasize the fact that 
many observations of currents over long periods of time are needed in 
order to obtain information as to the many types of motion present in 
the sea. 

Standing internal waves may be present in bays or basins. The 
probability of such standing waves is great, because in heterogeneous 
water in a bay or a basin of a given form a large number of internal 
waves of ditferent wave lengths are possible, corresponding to waves 
of different order and corresponding to different period lengths. An 
intermittent disturbance or a distiu-bance of tidal period may therefore 
bring about an oscillation which corresponds to one of the possible free 
oscillations of the system, particularly because a small amount of energy 
is needed for creating an internal w%ve. 

In a bay of constant depth and width the periods of oscillation of free 
standing waves in the presence of two layers are 


4f / p h + h' 
n yjp — p' ghh' ’ 


(XIV, 56) 


where n is a positive integer (p. 539). The periods of such standing 
waves may be very long. With I =» 200 km = 2 X 10^ cm, p — p' => 
2 X 10”*, h = 400 m = 4 X 10* cm, and h' = 100 m = 10* cm, one 
obtains Ti 3.25 days. When dealing with such long periods the 
effect of the earth’s rotation must become conspicuous, and application 
of the formula is therefore restricted. This simple formula has neverthe- 
less been used by Wedderburn in order to explain internal vertical 
oscillation of an amplitude of about 25 m and a period of about 14 days 
which O. Pettersson observed in Qulmarfjord on the southwest coast of 
Sweden during two months of 1909. With I 200 km, p — p' » 4 X 
10”*, h » 100 or 200 m, and A' » 20 m, corresponding approximately 
to the conditions at which the observations were made, and adding a 
correction for the width of the opening which was about 50 km (p. 541), 
one obtains Ti 13.9 or 14.2 days. 

A computation of this nature may give approximately correct results 
if a distinqt boundary surface is present and if the geometrical i^i^pe 
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of the bay is siinple, but in most oases one to consider that the 
density varies continuously with depth and that the shape <d tiie 
bay is irregular. An iinlimited number of free standing oscillations are 
possible because in a vertical direction an infinite number of internal 
waves of different orders may be present, and in a horisontal direction 
the number of nodes may lie between one and infinity. However, the 
waves of high order or of many nodes cannot be expected to exist for 
any length of time because the dissipation of energy will be very fast in 
such waves, owing to the great velocity gradients. The prol»ble number 
of standing waves in a bay is therefore limited, although it may be quite 
high. It has been suggested by Sverdrup (1940) and confirmed by a 
theoretical examination by MuiJe (1941) that internal standing waves of 
periods of about 7 and 14 days may account for peculiar conditions 
observed in the Gulf of California on board the E. W. Scrtpps in February 
and March, 1939. 

In conclusion, two effects of internal waves should be emphasised 
because they have bearing on general oceanographic problems. In the 
first place the internal waves probably are of importance to the process of 
mixing. Where internal waves are present, large velocity gradients 
are often met with which lead to great values of the eddy viscosity. 
Furthermore, owing to the dissipation of energy by friction, a given water 
mass will never return exactly to the locality from which it started out, 
even in the absence of general currents, and consequently an exchange of 
water in horizontal direction must take place. The intensity of the 
mixing processes which are maintained by internal waves has not yet 
been examined, but it is probable that these processes are not negligible. 

In the second place, it has been pointed out, particularly by Seiwell 
(1937), that owing to the existence of internal waves the distribution of 
mass along any vertical will be subject to periodic variations and, as a 
consequence, the geopotential height of the free surface relative to a 
given isobaric surface will vary periodically. This agrees with the state- 
ment (p. 588) that when dealing with internal waves on a boimdary 
between two liquids the free surface will also show a wave motion of a 
small amplitude. The variations in height of the free surface are so 
small that when dealing with the internal wave they can be disregarded, 
but when exam i ning results of dynamic computations they cannot be 
left out of account because these variatiomsiue of the same order of 
magnitude as the honsontal differences in geopotential height which may 
occur on distances up to 100 km or more. As an illustration, fig. 157 
shows the variation of geopotential hei^t of the free surface above the 
800-decibsr surface as derived from the serial observations at SneUitta 
station 253A. It is seeq that during 26 hours the height of the surface 
varies no less t.h«m 14.5 dyn cm. Seiwell has computed that, due to 
internal waves at Affantis station 2639 (p. 453) the variations (ff the 
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geopotential hes^t of the free surface relative to the 2000-decibar surface 
reached a value of 8.46 dyn cm. The disturbing conclusion at which 
one arrives is that charts of geopotential topography may not represent 
the average topography of the free surface but may show a number of 
features which, instead of being associated with the general distribution 
of mass, are brought about by the presence of internal waves. In view 



Fig. 157. Variation with time of the dynamic height of the surface over the 
SOfVdecibar surface at Snelliut Station 253A. 


of this circumstance which, so far, has not received great attention, 
conclusions as to general currents based on charts of geopotential topog- 
raphies should be used with even more reservation than has been previ- 
ously emphasized. 
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CHAPTBIXV 


The Water Masses and Currents of the Oceans 


Within any given region, the character of the water masses depends 
mainly upon three factors — the latitude of the region, the degree of 
isolation, and the types of currents — ^the relative importance of which 
will be brought out in the course of the discussion. 

It is rational to deal first with the simpler conditions and gradually 
to enter upon the more complicated. This can be done by first dis- 
cussing the Antarctic Ocean, where the latitude effect is easily explained, 
where the waters are in free communication with those of the major 
oceans, and where the system of prevailing currents is unusually clear- 
cut. After a description of conditions within the Antarctic Ocean 
we shall consider the Atlantic, Indian, and Pacific Oceans, the adjacent 
seas of these oceans, and in conclusion we shall discuss the deep-water 
circulation between the large ocean basins. 

The Antarctic Circumpolar Ocean 

Boundaries and General Characteristics of Water Masses. 
It is difficult to assign a northern boundary to the Antarctic Ocean 
because it is in open communication with the three major oceans: the 
Atlantic, the Indian, and the Pacific Oceans. In some instances the 
antarctic waters are dealt with as parts of the adjacent oceans and are 
designated the Atlantic Antarctic Ocean, or the Indian or Pacific Ant- 
arctic Ocean, whereas in other instances the antarctic waters must be 
considered an integral part of all oceans. The latter case, for instance, 
applies when dealing with the deep-water circulation, which is of such a 
nature that the intercommunication between different regions must be 
taken into account. The antarctic waters, on the other hand, can be 
discussed without entering upon details of the conditions in neighboring 
oceans, in which case one has to establislr- oceanographic boundaries 
between the Antarctic Ocean and the neighboring areas. 

On the basis of observations of surface temperatures only, it is 
possible to divide the Antarctic Ocean into two separate regions and 
to establish its approximate northern boundary. Near the Antarctic 
Continent the surface temperature is low, but with increasing distance 
from the coasts it increases slowly until a region is reached within which 
an increase of two or three degrees takes place in a very short distance. 

806 
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This repon of sudden increase of surface temperature is one at which 
part of the surface water sinks, and is called the Antarctic Cowergenee, 
which has been found to exist all around the Antarctic Continent. 
Proceeding further to the north, the surface temperature again rises 



Fig. 168. Locations of the Antarctic and Subtropical Convergences. Locations 
of the vertical sections shown in figures 159 and 160, and limit between westerly and 
easterly winds (dashed line). Light shading: depths less than 3000 m. 


slowly until a second region of rapid increase is encountered at the Sub- 
tropical Convergence, which also has been traced all around the earth 
except in the eastern South Pacific, where its location is not established. 
The area extending from the Antarctic Continent to the Antarctic 
Convergence is called the antarctic region and the area between the two 
convergences is called the eubantarctic region. From the oceanographic 
point of view it is logical to consider an Antarctic Ocean extending from 
the Antarctic Continent to the Subtropical Convergence except in the 
eastern South Pacific, where an arbitrary limit has to be selected. 
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Figure shows the location of the two convergences according to 
the results of the Diwmry Expedition (Deacon, 1937a). The loeatibn 
of the Antarctic Convergence is, in part, ^pendent upon the distribution 
of land and sea and upon the bottom topography. The southward 
displacement of the Antarctic Convergence to thte south of Australia 
and New Zealand can probably be ascribed to the relative narrowness 
of the passage between these regions and Antarctica, and the similar 
displacement off South America can be attributed to the southerly 
location of Drake’s Passage separating South America from Graham 
Land. The bends of the Antarctic Convergence are to a great 
extent related to the bottom topography. On the western side of the 
submarine ridges, the more conspicuous of which are indicated in the 
figure by the 3000-m contour, the convergence is deflected to the north, 
and on the eastern side to the south. The reason for this relation to 
the bottom topography was explained when dealing with the currents 
(p. 466). 

The location of the Subtropical Convergence is similarly related to 
the distribution of land and sea, but appears to be less dependent upon 
the bottom configuration. It is less well defined than the Antarctic 
Convergence, and instead of referring to a line of convergence it is, accord- 
ing to Defant (1938), more correct to refer to a region of convergence. 

Within the antarctic and subantarctic regions the water masses can 
be classified according to their temperature-salinity characteristics (p. 
141). Such a classification is here conveniently based on a study of the 
distribution of temperature and salinity in a vertical section running at 
right angles to the Antarctic Continent. Figure 159 is taken from 
Deacon’s discussion (1937a) and shows the distribution of temperature 
and salinity along a section running south-southwest from Cape Leeuwin, 
Western Australia, to the ice edge south of Australia in 63'’41'S. The 
two convergences are indicated which divide the area into the antarctic 
and subantarctic regions. Within the antarctic region a surface layer of 
low temperature and low salinity is present. Below this surface layer 
one recognizes a transition layer which increases in thickness towards 
the north and within which the temperature rapidly increases to values 
higher than 2", and the salinity gradually increases to values higher 
than 34.5 Voo. Below the transition layer one encounters the Ardardic 
Circumpolar Water, the greater mass of which has a salinity a little 
above 34.70 Voo and a temperature between 2® and 0*. Water of similar 
characteristics is found within the subantarctic region below a depth 
of about 2000 m. That is, the deep water within the subantarctic region 
has the same characteristics as the Antarctic Circumpolar Water vdiieh 
rises towmis the surface near the Antarctic Continent. At station 887, 
close to the continent, a salinity of 34.67 Voo is met with at a depth oi 
200 m, but at station 879 south of the Subtropical C<mvergence the 
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aune salmity is found in the deep water below 2000 m. Close to the 
Antarctic Continent the temperature ci the deepest water is less than 0" 
and the salinity is less than 34.7 Vm- This cold water represents the 
AntareHe Bottom Water. 
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Fig. 159. Distribution of temperatut* and salinity in a vertical section from Cape 
Leeuwin, Australia, to the Antarctic Continent (after Deacon). Location of section 
shown by line A in fig. 158. 


Witiiin the subantarctic region one can conveniently distinguish 
between two water masses above the deep water, the Subantarctic Upper 
Water of a uniform temperature between 8” and 9** uid of a relatively high 
salinity, appearing in the salinity section as a tongue extending towards 
the south, mid the Antarctic Intermediate Water of a tmnperature between 
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3° and 7* and low aalinity, extending towards the north like a tongue 
that iq>peats to form a continuation of the water in the antarctic laynr ci 
transition. The deep water, which is encountered below a depth of 
about 1500 m, consists of two water masses, the upper de^ water which 
has salinities up to 34.80 Vm and the lower deep water which is of the 
same character as the bulk of the Antarctic Circumpolar Water. These 
different water masses, which will be discussed in greater detail, can be. 
recc^;nised in the southern part of the vertical section of the Atlantic 
Ocean (fig. 210, p. 748) in which, however, the bottom water extends 
further north and in which the upper deep water in the subantarctic 
region has a hi^er salinity and a higher temperature. 

Ths Amtabctic Surface Water. In winter the southern half of 
the antarctic region is covered by a thin layer of nearly homogeneous 
surface water of a thickness of 100 m or less which has a temperature 
about fireesing point and a salinity that varies between 34.0 and 34.5 Voo, 
the highest value being found in the Weddell Sea. At a station occupied 
by the Deutschland in the Weddell Sea (lat. 65'*32'S, long. 43”00'W) on 
August 26, 1912 (Brennecke, 1921), a nearly homogeneous layer was 
found between the surface and a depth of 100 m having a tonperature of 
— 1.83*’ and a salinity of 34.47 Vm- With increasing distance from the 
Antarctic Continent the temperature rises to 0° where the Antarctic 
Convergence is far south, and to about 1° where this convergence is far 
north. 

In summer the salinity at the surface is decreased owing to tiie melting 
of ice. By far the greater amount of the radiation surplus of the season 
is used for melting ice, but a small amount is used for raising the tern- 
peratiu^ of the water above freerang point. In the vicinity the pack 
ice the surface temperature and salinity vary greatly from one locality 
to another, because the nearly fresh water produced by melting of ice 
is not immediately mixed with the surrounding or deeper water. In ice- 
free areas a more thorough mixing takes place, particularly where strong 
winds are frequent, and there a well-mixed layer may extend to depths 
of 55 to 85 m. The temperature of this water is a few degrees above 
freezing, owing to absorption of heat, but below this wanned layer colder 
water is found. This colder water may have been formed in situ during 
the preceding winter, but it is also posmble timt a northward flow of the 
colder stratum takes place (Moeby, 1934). 

On the continental shelves, particularly in the Weddell Sea, the 
winter cooling and the increase in salinity associated with freezing ice 
may extend to the bottom, leading to formation of h<»nogeneouB water 
wluch, frmn the surface to the bottom, may have a temperature as low as 
—1.95* and a salinity as hi|^ as 34.70 Vm- importaaoe ct this 
cold and saline uraiba to the formation of the bottom water will be dis- 
cussed on page 611. 
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Antabotic CntcuMfOLAB Wateb. At a short distance below the 
soifaoe water the Antarctic Circumpolar Water is encoimtered, which is 
characterised, in general, by a temperature higher than 0.6^ and a 
saliniiy slightly above 34.7 Voo* Within this water the temperature 
genendly is at a maximum at a depth of 500 to 600 m, below which it 
decreases slowly towards the bottom. The salinity is at a maximum 
at a somewhat greater depth that varies between 700 and 1300 m and 
below which it decreases towards the bottom. -The great uniformity 
of this water which, all around Antarctica, has hearly the same tem- 
perature and the same salinity, is illustrated in fig. 160, which shows a 
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Fig. 160. Distribution of temperature and salinity in a vertical section around 
the Antarctic Continent. Location of section is shown by line A in fig. 158. 

verticgl section around Antarctica. The section, the location of which 
is indicated by the line marked S in fig. 158, has been placed between two 
transport lines of the circumpolar current (fig. 163, p. 615) and follows 
therefore approximately the same water mass. Disregarding the surface 
water, one finds that within this enormous body of water the differences 
in temperature hardly exceed two degrees, and below a depth of about 
800 m the differences in salinity do not exceed 0.1 Vm> It should be 
observed, however, that if the section had been placed closer to the 
Antarctic Continent the temperatures and salinities would have been 
lower, and if it had been placed at greater distances from the continent 
the temperatures and salinities would have been higher. 

The water which raters the Drake Passage from the west (left margin 
of section), between 1000 and 4000 m, has a salinity a little higher than 
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34.70 Vo«» the maximmn values bong slightly above 34.72 ®/oo. Pro- 
ceedmg to the east, the Weddell Sea bottom vrater shows up to the east 
of the South Antilles Arc with salinities as low as 34.66 ®/oo. The 
maximum salinity remains at about 34.72 ®/oo as far as to long. 20“E, 
where it increases rapidly, reaching values above 34.76 ®/oo in long. 
30®E. This increase must be due to admixture of the saline upper deep 
water from the Atlantic Ocean. Relatively high salinities are found to 
the south of the Indian Ocean, as indicated by a second maximum of 
34.76 ®/ 00 in longitude 140'’E to the south of Australia, but when entering 
into the Pacific area the salinity decreases in the direction of flow, owing 
to the admixture of the low-salinity Pacific Deep Water. On the whole, 
the salinity is remarkably uniform and the differences which have been 
discussed here approach the limit of accuracy of the observations. Along 
the bottom the isohaline 34.70 ®/oo follows closely the bottom configura- 
tion, indicating that the water actually flows across the submarine ridges. 

The temperature section shows that the water which enters Drake 
Passage from the west has maximum temperatures only slightly above 
2®C and minimum temperatures near the bottom somewhat below 0.5®. 
Towards the east of the South Antilles Arc the cold bottom water of 
the Weddell Sea appears, and at higher levels the maximum temperature 
drops below 2°, probably owing to admixture of this cold water. In 
long. 10®E the maximum temperature increases and, between long. 60® 
and 120®E, lies above 2.5®. These high temperatures are due to admix- 
ture of relatively warm water from the Atlantic and Indian Oceans. 
When the water passes into the Pacific area, the maximum temperature 
again decreases owing to admixture of the colder Pacific Deep Water. 
The isotherms of 1® and 0.5® do not exactly follow the bottom topography 
as should be expected if the water crossed the different submarine ridges 
without mixing taking place, for which reason it appears necessary to 
assume that processes of mixing exercise some influence upon the dis- 
tribution of temperature and therefore, also, upon the distribution of 
salinity. 

The Antarctic Bottom Water. The most extreme type of bottom 
water is found in the Weddell Sea area, where below a depth of about 
4000 m the temperature is about —0.4® and the salinity is about 34.66 ®/oo- 
This water is probably formed by the mixing in approximately equal 
parts of water floMung down from the continental shelf and of Antarctic 
Circumpolar Water (Mosby, 1934). The former has a temperature, 
on an average, of about — 1.9® and a salinity of about 34.62 ®/oo, whereas 
the circumpolar water near the Antarctic Continent has a temperature of 
0.5® and a salinity of 34,68 ®/oo. Expressed by means of <r<, the densities 
of these two types of water ate 27.89 and 27.84, respectively, and tiie 
density of the bottom water is 27.86. The water on the continental 
shelf, the salinity of which may be increased up to 34.62 */m ot 
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bigjier by freeiing ci ice, has the greatest densi^ and sinks down along 
tbe continental slope; bat while sinking it is mixed with the warmer mod 
mme saline droumpolar water <A somewhat lower density, and a bottom 
wat«r is formed which has a slightly greater density than tiie deq> watmr. 

According to this explanation, first offered by Brennecke (1921) 
and later substantiated by Mosby (1934), the freesing of ice on the 
Antarctic continental shelves is of primary importance to the formation 
the Antarctic Bottom Water. On a small scale, cooling of water of 

relatives high salinity may 
contribute to the formation of 
bottom water by a process 
similar to the one which takes 
place in the waters around 
Greenland (see p. 666), but 
this process appears to be 
limited to some areas in the 
Bransfield Strait (Clowes, 
1934). 

By far the major part of 
the Antarctic Bottom Titter 
is formed in the Weddell Sea, 
as is evident from the section 
in fig. 160, according to which 
water of a salinity of 34.66 Voo 
is present only between SO^W 
and 30^. Intermittently, 
bottom water is also formed 
south of the Indian Ocean 
between long. 30”E and 140**E 
(Sverdrup, 1940), but no 
evidence exists for such forma- 
tion to the south of the Pacific 
Ocean. These features have 
bearing on the deep-water circulation of the different oceans and we 
shall therefore return to them later (p. 745). 

Ths Waters of the Sobantaectic Reoion. These waters differ 
much more botii regionally and in a vertical direction, for which reasons 
a well-defined dasaification cannot be undertaken. The curves in the 
T~8 diagram in fig. 161 illustrate the waters present and show that 
generally one can distinguish between five different water masses, the 
Subantarctic Upper Water, the Antarctic Intermediate Water, the Upper 
Deep Water, tiie Lower Deep Water, and the Bottom Water. 

The tiiree curves representing conditi<ms in the subantarctic region 
are based on observations in tbe Atlantic, Indian, and Pamfie sectors. 



Fig. 161. Tempersture-salinity curves at 
tiuee stations in the subantarctic regions in the 
Atlantic (A), ^e Indian (/), and the Pacific 
(P) sectors at the Antarctic Ocean, and at a 
station within the region of circumpolar water 
(C-1F). Antarctic B^tom Water shown by 
A-A.B.W. 




THE WATER MASSES AND CURRENTS OF THE OCEANS 613 

respectively. The curve marked A represents conditions at Meteor 
station 4 in the western part of the South Atlantic Ocean, the curve 
marked I is based on the observations at Discovery station 870 in the 
Indian Ocean southwest of Australia, and the curve marked P on observa- 
tions at Discovery station 967 near the mid-line of the South Pacific 
Ocean. For comparison, the curve C-W has been added to show condi- 
tions at a typical station within the Antarctic Circumpolar Water and 
the point A-A.B.W. to show the extreme Antarctic Bottom Water. On 
the curves the depths are indicated in hectometers. 

Within all areas the upper water is characterized by relatively high 
temperatures and a salinity maximum at some distance below the 
surface, the highest salinities occurring in the Atlantic area. The 
Antarctic Intermediate Water is present in all areas. In the Atlantic 
it is of somewhat lower salinity and is found at a somewhat lesser depth 
below the surface, but these features are partly related to the distances 
of the stations from the Antarctic Convergence. At the stations in the 
Atlantic and Indian Ocean areas the Upper Deep Water shows a rela- 
tively high salinity and high temperature, whereas the Lower Deep Water 
is of the same character as the Antarctic Circumpolar Water, but is 
found at a greater depth. In the Pacific Ocean the Upper Deep Water is 
of lower temperature and lower salinity, but the Lower Deep Water 
approaches the character of the Antarctic Circumpolar Water. 

The reason for these regional differences will be discussed when dealing 
with the deep-water circulation and it is sufiicient here to emphasize 
that the subantarctic waters differ within the three oceans, whereas 
the antarctic waters are of similar character all around the Antarctic 
Continent. 

The Currents of the ANTARCrric Ocean. The more or less per- 
manent currents of the Antarctic Ocean consist principally of two types, 
the relative currents which are associated with the distribution of mass, 
and the wind drifts of the surface layers. 

The character of the relative currents can be derived from fig. 162 
showing the distribution of the specific volume anomalies in the section 
which was used for demonstrating the character of the water masses 
(see fig. 169). At any level the water of the smallest specific volume, 
that is, the greatest density, is found near the Antarctic Continent and, 
in general, the lines of equal anomaly slope downward from south to 
north. As a consequence of this distribution of mass, the isobaric 
surfaces all rise towards the north if the 4000-decibar surface is con- 
sidered horizontal. This rise towards the north is evident from the 
upper part of fig. 162, in which are shown the profiles of a series of 
isobaric surfaces relative to the 4000-decibar surface. The current which 
is associated with tihe distribution of mass must be directed away from 
the reader, that is, from west to east, because in the Southern Hemisphere 
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the denser water is on the right-hand side when looking in the direction 
flow. In the section the vertical scales have been greatly ex^gerated, 
for which reason the slopes of the anomaly lines appear to be very great, 
but actually the slopes are small and the slopes of the isobaric surfaces 
are . much smaller. The accompanying velocities are quite small, as 
indicated in the upper part of fig. 162, where the numbers entered show 


STATION aTT 678 879 060 861 662 663 684 666 666 687 



Upper: Frofiies of the isobaric surfaces relative to the 4000-decibar surface. 

the horizontal velocities in centimeters per second, assuming that at 
4000 m the water is at rest. At the surface a velocity of nearly 15 cm/sec 
is found to the north the Antarctic Convergence, but within the 
wtarctic region the surface velocity is only 4.4 cm/sec. At the Antarctic 
Convergence the isobaric surfaces appear to change their slope abruptly, 
and in the figure this feature has intentionally been exaggerated because 
such a break must be present where a wedge of lighter wat» is found 
over a body of water of greater density (p. 445). 
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In general, tiie current runs from west to east around the Antarctic 
Continent, but is locally deflected from its course, partly by tbe distiribu- 
tion of land and sea and partly by the submarine topography. The 
effect of the submarine topography is evident in Deacon’s charts (1937b) 
of the dynamic topography of the surface or the 600-decibar surface 
relative to the 3000-decibar surface, and it is also seen from fig. 163, 



Fig. 163. Transport lines around the Antarctic ContinMit. Between two lines 
the transport relative to the 3000-decibar surface is about 20 million cubic meters per 
second. 


which shows the total volume transport relative to the 3000-decibar 
surface as computed by means of the data which Deacon has used for his 
presentation, adding the results from a number of Meteor stations in 
the South Atlantic. In the figure the volume transport is shown by 
lines which are approximately in the direction of transport and which 
have been drawn with such intervals that the transport between two 
lines equals 20 X 10* mVsec. 
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FoUo'wing the current around the Antarctic Continent, it is seen that 
when i4>proaching a submarine ridge the current bends to the left and 
after having passed the ridge it bends to the right, in accordance with our 
preceding discussion of the effect on a deep current (p. 466). Having 
{Massed through Drake Passage, the Circumpolar Current approaches 
the South Antilles Arc, where it first bends to the north and then to 
the south after having crossed the ridge. When the Current passes the 
shallower areas near Bouvet Island between long. 0° an^ ICE, the bends 
to the north and to the south are repeated; when passing the Kerguelen 
Ridge, similar bends occur but these are less well defined, perhaps owing 
to the lack of data. South-southwest of New Zealand the current crosses 
the Macquarie Ridge, bending sharply north and south, between long. 
180° and 155°W, runs towards the east-northeast paralleling the South 
Pacific Ridge, and having passed the eastern extremity of the shallower 
portion it bends again towards the south. Thus, five distinct ridges or 
shallower areas are crossed and in each case the water masses are deflected 
to the left when approaching the ridges or the shallow areas and are 
deflected to the right after having passed them. These bends show up 
in part at the surface in the location of the Antarctic Convergence (see 
607) and some of them appear on charts of the surface currents (see 
chart VII). 

Besides the bends which are associatiad with the bottom topography, 
the effects of the distribution of land and sea and of the currents in the 
adjacent oceans are also seen. The location of the Drake Passage natu- 
rally forces the current further south than in any other region, but on the 
eastern side of South America a branch of the current, the Falkland 
Current, turns north. Along the east coast of South Africa the Agulhas 
Stream flows south, partly turning into the Atlantic Ocean but mainly 
bending around towards the east, and the narrowness of the Circumpolar 
Current in long. 30°E is probably related to the effect of the Agulhas 
Stream. When the Circumpolar Current has passed New Zealand, a 
bend towards the north is evident which corresponds on a small scale 
to the Falkland Current. 

The transport line marked “aero” is not continuous around the 
Antarctic Continent, but begins in the Weddell Sea area and ends 
against the coast of the Antarctic Continent in the region of the Ross 
Sea. This feature indicates that our representation is not entirely cor- 
rect and that the transport does not take place exactly along the lines 
which have been entered, because actual lines of equal transport must be 
closed lines and caimot end against the shores. Some transporii must 
take place across the lines, and the fact that our line “sero" stops agfunst 
the continent to the west of Drake Passage indicates that in this narrow 
passage a certain amount of piling up of water takes place and that 
transport occurs Jtere across the contour lines. Referring the flow to 
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the topography of tiie isobaiic surfaces, this means that in Drake Passage 
and the Scotia Sea the water does not flow parallel to the contours but 
flows Uphill. Within the Antarctic Ocean this region is the only tme in 
which there is evidence of a marked discrepancy between the lines of 
equal transport and the actual flow of water, and on the whole it may be 
assumed that the transport lines give a fairly correct picture of the 
character of the Circumpolar Current. 

A flow to the west near the Antarctic Continent is evident only in the 
Weddell Sea area, where an extensive cyclonic motion occins to the south 
of the Circumpolar Current. The water masses which take part in this 
cyclonic movement, however, are small compared to those of the Circum- 
polar Current, and their velocities are small. 

Within the subantarctic region the current is also directed in general 
from west to east but only the southern portion of the waters close 
to the Antarctic Convergence circulates around the Antarctic Continent 
and forms part of the Circiunpolar Current. In the Pacific Ocean the 
northern portion belongs to the current system of that ocean and must 
therefore be dealt with again when describing the conditions in the 
South Pacific. Thus, a strict northern limit of the Antarctic Oceui 
cannot be established on oceanographic principles, but a boundary 
region has to be considered which, depending upon the pdnt of view, 
may be assigned either to the Antarctic Ocean or the at^acent oceans. 

The total transport of the Antarctic Circumpolar Current must 
be greater than is apparent from fig. 163, which shows only the transport 
relative to the 3000-decibar surface. According to the figure, the 
transport through Drake Passage is about 90 million mVsec, whereas 
Clowes’ computations (1933) gave 110 million above the 3500-decibar 
surface. It is therefore probable that the absolute transport between 
the lines in fig. 163 is not 20 million, but at least 26 million m'/sec. 

This discussion of the Circumpolar Current is based entirely on the 
distribution of mass as derived from deep-sea oceanographic observa- 
tions. The surface currents have been determined independently by 
means of ships’ records, and show that the flow of the surface water is 
governed partly by the distribution of mass''and partly by the ^ect of 
the prevailing winds. Near the Antarctic Continent easterly and 
southeasterly winds blow away from the large land masses, but between 
lat. 60” and 40”S strong westerly winds prevail. The (tohed line in 
fig. 158, p. 606, shows (according to Deacon, 1937a) the approximate 
bmmdaiy between the re^mes of the easterly and- westwly winds. 
Correspondingly one finds, as seen on chart VII, westward surface 
currents prevailing near the border of the Antarctic Continent and 
eastward surface currents at some distance from the coast. In the 
SouUiem l^misphere the wind drift deviates to the left ci the direction 
of the wind and consequent^ the eastward surface cuirent shows a 
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compofieat towards tiie north. A divorgenoe must be present between 
the westward and the eastward surface currents, drawing deep water 
towards the surface, and in the sections (fig. 159, p. 608) this divergmice 
shows up close to the continent by the hi(^ temperature and hig^ 
salinity of the water at a depth of 100 m. Between the Antarctic and 
Subtropical Convergences the surface current is generally directed 
towards the east, but on the northern side of the Antarctic Convergence 
it shows a component to the south, and at the southern boundary of the 
Subtropical Convergence, a component to the north. The component 
to the south must be associated with the development oi the Antarctic 
Convergence, whidi has not yet been satisfactorily explained. 

Deacon attributes the Antarctic Convergence to the character of the 
deep-water circulation. He points out that the convergence is found 
where the relatively warm but saline deep water rises, and he reasons 
that within the antarctic region the upper water, being heavier than the 
warm surface water further north, would sink if it were not prevented by 
the hig^y saline deep water. He writes (1937a, p. 23): 

As soon, however, as the northward current has passed the point where 
the deep water climbs steeply towards the surface it is no longer prevented 
from sinking, and the sections suggest that the antarctic water flows over 
the steep ascent of the warm deep water like a stream over a waterfall. 


Sverdrup (1934), on the other hand, suggests that the convergence 
is brought about because in the subantarctic region a thermohaline 
circulation dominates, which would car;y the light surface watens to 
the south, whereas in the antarctic region a wind circulation dominates, 
which would cany the surface water to the north. It renuuns to be 
seen whether mther of these explanations is acceptable or whether a 
combination of them, or perhaps an entirely new point of view, must be 
introduced. 

As a consequence of the divergence and convergence at the surface, 
a transverse circulation must be present which is superimposed upon 
the general flow from west to east. Such a transverse circulation is 
evident from the vertical sections in fig. 159, p. 60S, and fig. 210, p. 748. 
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not take place, but in the Weddell Sea (fig. 210) this sinking is of |p<eat 
importance, and a movement of the deep water towards the contineiit 
is also necessary there to compensate for the formation of bottom water. 
Part of this bottom water flows away from the Antarctic Continent, but 
part mixes with the deep water and returns with this ifnAxiT to the ant- 
arctic regions. 

At the Antarctic Convergence, water of relatively low salinity luid 
low temperature sinks. A small portion of the sinking water appears 
in some areas to return towards the south at a depth of a few hundred 
meters, but the greater part continues towards the north, forming the 
tongues of Antarctic Intermediate Water which in all oceans can be 
traced to great distances from the antarctic region. It is probable 
that this water gradually mixes with the underlying deep water and 
returns to the Antarctic with the deep water (p, 750). Within the sub- 
antarctic regions the upper water appears to flow towards the south, 
but the nature of this flow is not fully understood. 

The antarctic water which leaves the surface has a temperature of 
2.2** and a salinity of 33.80 Voo in the Atlantic area (Wflst, 1935). In 
the Indian Ocean area and to the south of Australia, similar values 
are found (Sverdrup, 1940) which appear applicable to the Pacific area 
as well, because the Antarctic Convergence follows the isotherms and 
isobalines of the sea surface (Deacon, 1937a). Thus, water of tem- 
perature 2.2®, salinity 33.80 Voo, and «r« = 27.02, represents a vfoter 
type (p. 143) that is continuously or intermittently formed near the 
Convergence, where it sinks. When sinking, it is rapidly mixed with 
surrounding waters and a water mass, the Antarctic Intermediate Water, 
is formed which mainly spreads towards the north, being characterized at 
its core by a salinity minimum. Owing to continued mixing, the charac- 
teristic T-S relation of the intermediate water changes as the distance 
from the Convergence increases, and layers of gradual transition are 
found both above and below the water mass, for which reason no distinct 
boundaries can be introduced. The best method for following the 
spreading out of the intermediate water and the results of mixing is 
the "core method” which was introduced by Wust (p. 146), who, in the 
Atlantic Ocean, examined the temperature and salinity at the core of the 
intermediate water and determined the depth of core. 

On the basis of these considerations one arrives at the schematic 
picture of the transverse circulation which is shown in tire block diagram 
in fig. 164. In the diagram the formation of bottom water has been 
taken into account and, furthermore, it is indicated that the deep-i*utw 
flow towards the Antiffctic €k>ntine&t is stimigtiiened by addition 
intermediate and bottom vmter. The main features of the tranaverile 
circulation are represented by the sinking of cold water near the Ant- 
arctic Continent, the climb of the deep water towards the surface, the 
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northward flow of surface water, and the sinking of the Antarctic Inter<- 
mediate Water. 

The climb of the deep water towards the surface is of great biological 
importance, because through that process the amount of plant nutrients 
in the surface layer is being constantly renewed; the enormous numbers 
of organisms found in the antarctic water is therefore closely related 
to the type of transverse circulation which is present. 

From the foregoing it is evident that one cannot consider the Antarctic 
Circumpolar Water mass as a body of water which circulates around and 



Fig. 164. Schematic representation of the currents and water masses of the 
Antarctic regions and of the distribution of temperature. 

around the Antarctic Continent without renewal On the contrary, one 
has to bear in mind that water from the antarctic region is carried towards 
the north and out of the region both near the surface and near the bottom, 
and that deep water from lower latitudes is drawn into the system in 
order to replace the lost portions. Through external processes, cooling 
and heating, evaporation and precipitation, freeiing and melting of 
ice, and through processes of mixing, the temperature and salinity in a 
given locality remain nearly unchanged over a long period, except for 
such changes as are associated with displacements of the currents. Thus, 
the stotionaiy distribution of conditions which characterise the entire 
Antarctic Ocean represents a delicate balance between a number of 
factors which tend to alter the conditions. On the other hand, an 
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individual water particle, which describes a most complicated path, fe 
subjected to great changes. It may lose its identity by mixing with 
adjacent water masses or it may have its temperature and salinity 
radically altered if brought to the surface. 

When one examines the dynamics of the Circumpolar Current, 
frictional forces have to be taken into consideration. The stress which 
the wind exerts at the sea surface cannot be balanced by a piling-up of 
water in the direction of flow (p. 488) because the current is continuous 
around the earth, and therefore it must be balanced by other frictional 
stresses. The velocities along the bottom are too small to give rise 
to bottom friction, and one is therefore led to the conclusion that great 
stresses exist at the boundaries of the current due to lateral mixing. 
According to Sverdrup (1939a) such lateral mixing takes place. The 
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Fig. 165. Distribution of oxygen (ml/L) in a vertical section around the Antarctic 
Continent. Location of section is shown by line iS in fig. 158. See also fig. 160. 

torque exerted by these stresses along the quasi-vertical boundary sur- 
faces of the current must balance the torque exerted by the wind on the 
surface, but so far no attempt has li^en made at ka analysis of the dynam- 
ics of the current, taking friction into account. 

Oxygen Distribution. The distribution of oxygen around the 
Antarctic Continent is illustrated by the section in fig. 165, which cor- 
responds to the sections in fig. 160. The water which enters the Drake 
Passage from the west has a low and uniform oxygen content below a 
depth of 600 m. A minimum oxygen content of about 3.7 ml/L is 
found at a depth of about 1200 m, and near the bottom the oxygen 
content is only slightly higher than 4.0 ml/L. To the east of the South 
Antilles Arc the oxygen content is considerably higher, evidently because 
the bottom water of the Weddell Sea contains a relatively large amount 
of oxygen. In the section, values higher than 4.8 ml/L are shown and 
the mini^ium value, which is here encountered above a depth of 1000 m, 
is only slightly lesm than 4.0 ml/L. As the water proceeds further towards 
the east, the oxygen content generally decreases both within the layer of 
minimum oxygen content and within the deep and bottom water. The 
decrease, however, is irregular, and more data are needed in order to 
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establiBh definitdy that such a decrease takes place and, if so, the ordw 
of ma^tude of the decrease (Sverdrup, 1940). 

Hie variation of oxygen content in a north-south direction is illus- 
trated in fig. 166, representing the Discovery section to the south of 
Western Australia, and in the southern parts of the sections in fig. 210, 
p. 748, and fig. 212, p. 753. In fig. 166 the high oxygen content of the 
surface waters decreases towards the north, owing to the increasing 
temperature. The water which sinks at the Antarctic Convergence has 
a relatively high oxygen content, but the content decreases so rapidly 
towards t^ north that no intermediate maximum develops. A layer 
of minimum oxygen content, within the subantarctic sone, is fotmd at a 
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Fig. 166. Distribution of oxygen in a vertical section from Cape Leeuwin, 
Australia, to the Antarctic Continent (after Deacon). Location of section shown by 
line A in fig. 158. See also figs. 159 and 162. 


depth of nearly 2000 in and this layer rises to the south. In the antarctic 
region, the layer of minimum oxygen content is encountered at a depth 
of about 600 m. The Antarctic Circumpolar Water has a higher oxygen 
content than the deep water further north, and the Antarctic Bottom 
Water which is found near the Antarctic Continent shows the highest 
oxygen content with values above 4.6 ml/L. 

In the Weddell Sea area which is shown in fig. 210, p. 748, the bot- 
tom water has an oxygen content higher than 6.5 ml/L, and close to the 
continental slope values up to 6.5 are ^countered. These high values 
confirm the conclusion that the greater amount of Uie Antarctic Bottom 
Water is formed in the Weddell Sea region. Mosby (1934) points 
out that the shelf water which contributes to the formation of the bottom 
water has an oxygen contentnof about 7 ml/L, whereas the deep water 
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with which the shelf water is being mixed when sinking has an os^ygen 
content of about 4.5 ml/L. If these two types of water are mixed in 
approximately equal proportions, the resulting water, the bottom wateTi 
should have an oxygen content of about 6.75 ml/L, in good agreement 
with the observed values which are higher than 6.6 ml/L* 

To the north of the Weddell Sea the Antarctic Intermediate Water is 
characterized by a maximum of oxygen below which is present a layer of 
minimum oxygen content which rises towards the south. The deep 
water shows a higher oxygen content than that in the same latitude 
to the west of Australia. Within the subantarctic waters, then, regional 
differences are present not only ih temperature and salinity (p. 612) but 
in oxygen content as well. 

Ice and Icebergs. Two forms of ice are encountered in the Antarctic 
Ocean, sea ice which is formed by freezing of sea water and icebergs which 
represent broken-off pieces of glaciers. The appearance of both sea ice 
and icebergs varies widely. Several classifications have been proposed 
(Transehe, 1928, Smith, 1932, Maurstad, 1935, Zukriegel, 1936) and 
several codes for reporting ice have been introduced, one of which (Maur- 
stad, 1935) has been adopted by the International Meteorological 
Organization. The classification of sea ice deals with forms produced 
under different conditions of freezing, forms which are due to the tearing 
apart and packing together of the ice imder the action of winds and tides, 
and forms which result from disintegration and melting of the ice. 
The classification of icebergs is based on the shape of the bergs, which 
depends partly upon the type of glacier from which they originate and 
partly upon the processes of melting and destruction to which they have 
been subjected. 

The great mass of sea ice arounU the Antarctic Continent is in general 
described by the somewhat loose term ‘‘pack ice,'' by which is meant 
drifting fields of close ice, mainly consisting of relatively flat ice floes, 
the edges of which are broken and hummocked. The pack ice is kept 
in motion by winds and currents. The effect of the wind is conspicuous 
when observations are made from a vessel drifting with the ice, because 
every change in wind direction and velocity brings about a corresponding 
change in the drift of the ice. Careful observations of the ice drift were 
conducted by Brennecke (1921) during the drift of the Deutschland in the 
Weddell Sea in 1911-1912. He found that the direction of the ice drift 
deviated on an average 34® from the wind direction and not 45® as 
required by the Ekman theory of wind currents (p. 493). The dis- 
crepancy was explained by Rossby and Montgomery (1935) as due 
to a layer of shearing motion in the water directly below the ice; but it 
may be due in part to the resistance offered by the ice, because the wind 
does not blow uniformly over large areas, wherefore the ice is packed 
together in some areas and tom asunder in others. The ice resist an ce 
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in the Antarctic appears, however, to be small compared to that in the 
Arctic, because in the Antarctic the drift of the ice is not impeded by 
land barriers on all sides. The antarctic pack ice consists, therefore, of 
larger ice floes than the arctic pack ice and is less broken and piled up. 

The antarctic ^k ice has in all months of the year a well-defined 
nortixem boundary beyond idiich no great amounts of scattered ice are 
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Fig. 167. Average northern limits of pack-ice around the Antarctic Continent in 
March and October (after Mackintosh and Herdman), and average northern limit 
of icebergs according to Britiidi Admiralty Chart No. 1241. 


encountered. The northern limits of the ice at the end of the winter 
(October) and the end of the summer (March) are shown in fig. 167 
(Mackintosh and Herdman, 194^). Parts of the antarctic coast are 
always ice-free in summer, such as the Pacific side of Graham Land, 
and Other parts are <tften ice-free, such as the coasts to the south of 
Australia and Africa. The eastern areas of the Weddell Sea and the 
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Roes Sea are always ice-free. The Weddell Sea can often be entered 
from the east without encountering pack ice, but in order to enter, th* 
Ross Sea it is always necessary to pass throu^ a broad belt of pack ice. 

The great ieeberp of the Antarctic oripnate mainly from the theff 
ice, which represents the direct continuation of the antarctic ice cap 
where it extends into the shallow waters surrounding the continent. 
The shelf ice is partly afloat, and when it is pushed far out it breaks off 
in enormous pieces which may be tens of kilometers wide and up to 100 km 
long, and may rise 90 m out of the water, which corresponds to a thick- 
ness of about 800 m. These giant bergs, which have occasionally been 
mistaken for islands, drift through the pack ice and often move in an 
opposite direction to the pack because they are carried by currents and 
are less influenced by wind. The melting of these bergs takes a long 
time, for which reason they drift to greater distances from the continent 
than the sea ice. Figure 167 also shows the average northern boundary 
of icebergs according to British Admiralty chart No. 1241, but icebergs 
or remains of icebergs have been reported much further north than is 
indicated by this average limit. On April 30, 1894, a small piece of 
floating ice was sighted in lat. 26'^0'S, long. 25°40'W, but otherwise 
remains of iceberp are rarely reported from localities north of 35^ 
in the Atlantic Ocean, north of 45°S in the Indian Ocean, and north of 
50*^ in the Pacific Ocean. 

The South Atlantic Ocean 

The three major oceans, the Atlantic, the Indian, and the Pacific, 
can be considered as deep bays that are in open communication with the 
Antarctic Ocean to the south but are closed at their northern ends. Of 
these oceans the Atlantic extends farthest to the north, and several large 
adjacent seas, the Mediterranean, the Caribbean, the Gulf of Mexico, 
Baflin Bay, the Norwegian Sea, and the North Polar Sea, exercise 
characteristic effects on the waters of the North Atlantic. The communi- 
cation between the North Atlantic Ocean and the Antarctic takes place 
through the South Atlantic Ocean, which is of nearly constant width and 
without adjacent seas. This wide and short channel is divided length- 
wise by the South Atlantic Ridge, which rises from depths exceeding 
5000 m to within 2000 m from the surface. The two deep troughs on 
either side of the ridge are divided into baans by ridges running more or 
lees in an east-west direction, the most conspicuous of which is the Walfish 
Ridge which closes the eastern trough off to the south. 

The Watbb of the South Atlantic Ocean. In order to 

illustrate the chaiEcter of the water masses in the South Atlantic Ocean, 
seven Meteor stations have been selected, the locations of which are shown 
in the inset map in fig. 168. The stations ate equally distributed over 
the entire South Atlantic Ocean between latitudes 41*S and the Equator. 
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Itt spite of tlie great distance between these stations, the character of the 
water is nearly the same, as is evident from the T-S values in fig. 168, 
according to which a fairly well defined water mass present in the Upper 
layers is characterized by a neariy linear T-S relationship between the 
points r » 6®, S = 34.5 Voo and T = 18", S = 36.0 Voo. The vertical 
temperature*salinity relationship at these stations is similar to the 
horizontal temperature-salinity relationship that is found in the region 
of the Subtropical Convergence between latitudes 30" and 40*S, and 



Fig. 168. Temperature-salinity relation in the South Atlantic Ocean. 
Depths of shallowest values are shown. Winter surface values in latitudes 
30*^ to 40”S indicated by large squares. Inset map shows location of Meteor 
stations used. S.A. indicates South Atlantic region; S.A-A., subantarctic 
region. 

shown by lai^ squares, for which reason it is probable that this entire 
water mass has been formed by sinking within the Subtropical Con- 
vergence area and subsequent spreading along the proper vt surface (p. 
145). This water mass will be called the South Atlantic Central Water. 

Below the Central Water the Antarctic Intermediate Water shows up 
by the characteristic salinity minimum which is found over the greater 
part of the ocean at a depth of approximately 800 m. The Antarctic 
Intermediate Water is most typically present at the southern stations 
and at the stations close to South America, and appears to be considerably 
mixed with other water masses at the northern stations off the African 
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coast. Below the intennediate water, deep and bottom water is present, 
the character of which will be discussed when dealing witii the deep* 
water circulation of the oceans. 

The T‘S data in fig. 168 give no information as to the vertical extension 
of the different water masses because indications of depths have been 
omitted in order to avoid making the presentation too complicated. 
The vertical extension can be seen from fig. 169, showing the distribution 
of temperature and salinity in the Meteor profile VII (Wtist and Defant, 
1986), which nearly follows the parallel of lat. 22“S. The central water, 
which is approximately bounded by the isohalines 36 Voo and 34.65 Vooi 
is found in a layer which is about 450 m thick ; the intermediate water, of 
salinity less than 34.65 Voo, is about 750 m thick, whereas the deep and 



bottom water is of greater thickness than the two other water masses 
together. The figure also demonstrates the presence of a thin layer of 
surface water which in this particular profile is of high temperature and 
high salinity. The upper water and the surface layer, as shown in the 
figure, together comprise the troposphere according to Defant’s definition 
(p. 141). In these layers the strongest currents are encountered. 

The Cubkbnts of the South Atlantic Ocean. The most out^ 
standing current of the South Atlantic Ocean is the Benguela Current, 
which flows north along the west coast of South Africa and is particularly 
conspicuous between the south point of Africa and lat. 17® to 18*S. In 
agreement with the dynamics of currents in the Southern Hemisphere, 
the denser water of low temperature is found on the right-hand side of 
the current, that is, close to the African coast. Under the influence 
of the prevailing southerly and southeasterly winds the surface layers are 
canied away from the coast, and upwelling of water from moderate 
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takes place in most aeasona (d the year (Defant, ld36s). As a 
consequence of this upwelling, a band of water of low temperature and 
relatively low salinity is found along the coast extending to a distance of 
approximately 200 km. This upwelling is of great importance to the 
biological conditions, because the upwelled water brings plant nutrients 
into the euphotic xone and thus makes possible the development of large 
populalions of plants and of higher oi^puusms (see fig. 216, p. 786). 

Proceeding towards the Equator the Benguela Current gradually 
leaves the coast and continues as the northern portion of the South 
Equatorial Current, which flows towards the west i^cross the Atlantic 
Ocean between lat. 0° and 20'*S. In the charts showi'fig the distribution 
of surface temperatures (charts II and III), the tongue of low tempera- 
ture along the Equator is due not only to the cold waters of the Benguela 
Current but also to a divergence along the Equator. The South Equa- 
torial Current partly crosses the Equator, continuing into the North 
Atlantic Ocean, and it partly turns to the left and flows south along the 
South American coast, where it shows up as a tongue of water of high 
temperature and high salinity, the Brazil Current. Close to the coast of 
Argentina a branch of the Falkland Current extends from the south to 
about latitude 30°S, carrying water of lower temperature and lower 
salinity. The most conspicuous feature of the currents of the South 
Atlantic is represented by the counterclockwise gyral with the col^ 
Benguela Current on the eastern side, the warm Brazil Current on the 
western side, the South Equatorial Current flowing west on the northern 
side, and the South Atlantic Current flowing east on the southern side. 
It is a system of shallow currents becni^ the entire circulation takes 
place above the Antarctic Intermediate Water or within the troposphere, 
and near the Equator it is probably limited to a depth of less than 200 m. 

In agreement with this circulation, the water within the southern 
and eastern parts of the current system is of somewhat lower salinity 
than that of the northern and western parts (see fig. 168, p. 626). In the 
south, admixture of subantarctic water lowers the salinity, but in the 
north admixture of saline surface water increases the salinity. 

A quantitative study of the currents of the South Atlantic Ocean on 
the basis of the Meteor data (Defant, 1941) leads to results similar to those 
that have been described here. Defant computed the absolute geopo.ten- 
tial topographies of a series of isobaric surfaces by the third method 
described on p. 457. His conclusions are essentially in agreement with 
those which can be derived by making use of the equation of continuity 
(the fourth method, p. 457). 

For calculations of the transport through vertical sections between 
South Africa and South America (p. 465), the Meteor data lead to the 
result that the transport above a depth of 4000 m is directed towards the 
north, but this is obviously impossible becatise the net transport through 
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such a section must be nearly zero. It is therefore necessary to <Miait|tie a 
layer of no motion at some intermediate depth, above which the transport 
will be directed tow'ards the north and below which it will be directed 
tow’ards the south. Examination of the Meteor profiles to the south of 
lat. 20*8 shows that the layer of no motion is found at the boundary 
between the Antarctic Intermediate Water and the deep water. The 
depth of the layer in lat. 20°S is about 1 100 m and increases somewhat 
toward the south. The Antarctic Intermediate Water and the upper 
water move, then, on the whole, to the north, whereas the deep water 
moves south, but close to the bottom there is a flow of Antarctic Bottom 
Water towards the north. The net transport to the south below 1400 m 
amounts approximately to 15 million m* per second. 


Table 76 

TRANSPORT OF WATER ACROSS LAT. SO'S AND ACROSS 
THE EQUATOR 





Transport in million mVsec 




toward 

Latitude 

Water mass 

Current 






North 

South 



Benguela Current 

16 



Upper water 

Brazil Current 

Central part of South 


10 



Atlantic gyral 

7 

7 

30®S 

Intermediate water 


9 



Deep water 

Bottom water 


3 

18 


Upper water 


6 



Intermediate water 


2 


0® 

Deep water 

Bottom water 


1 

9 


The transport through vertical sections in the South Atlantic can be 
studied in greater detail, and approximate values can be computed for 
the amounts of the different types of water which are carried to the north 
and to the south, taking the continuity of the system into account. 
In tfible 76 are shown results of such computations, as referred to a 
section in 30°S. The table also contains values for the transport across 
the Equator, but these have been obtained in a different manner. The 
value of a northward transport of about 6 million m* per second of 
upper water is mainly based on a comparison between the waters of liie 
Caribbean Sea and the Sargasso Sea, and the values of the northward 
transports of intermediate and bottom water are estimated. 
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The approximate correctness of the figures can be cheeked by con- 
sidering that the net transport of salt must be zero. A calculation of 
the net transport of salt requires knowledge of the velocity distribution 
within the different parts of the current system, but a rough computation 
which is based on average values confirms the above conclusions. We 
shall have to return to some of these matters when discussing the deep- 
water circulation, but here it will be emphasized that a large quantity of 
South Atlantic Central and Intermediate Water crosses the Equator 
and enters the North Atlantic Ocean, where it exercises an influence on 
the character of the waters along the coast of South i^llLmerica and in the 
Caribbean Sea and in the Gulf of Mexico. 

In his discussion of the currents of the South Atlantic, Defant (1941) 
shows that in lat. 30°S to 45*’S the stream lines of the currents are wave- 
like, the apparent wave length being 850 to 880 km. He points out that 
according to a theory of Rossby, extended by Haurwitz (1940), stationary 
wave patterns in a primary current are possible, provided that a relation 
exists between the velocity and width of the primary current and the 
wave length of the disturbance. Using this relation and introducing 
measured values of the width of the current across the South Atlantic 
and the wave length of the disturbances, Defant obtains a velocity of 
about 27 cm/sec for the primary current, in good agreement with values 
derived from the geopotential topography of the sea surface. ♦ 

The wave pattern must be quasi-stationary because it is derived from 
observations in different years. Defant suggests that it is related to the 
topography of the bottom, but if this is true the deflections caused by the 
bottom topography must be in the opposite direction from those which 
were described on p. 466 (see fig. 116, p. 467 and fig. 117, p. 468). It is 
perhaps more likely, as also suggested by Defant, that the wavelike dis- 
turbance originates where the Brazil Current and the Falkland Current 
meet. 

OxTGEN Distribution. The major features of the oxygen distribution 
are shown in the longitudinal sections in fig. 43, p. 210, and fig. 210, 
p. 748. According to these sections the oxygen content of the central 
water is low near the Equator where, off west Africa, minimum values 
below 0.5 ml/L are found at a depth of about 350 m. This minimum is 
less pronounced off the coast of South America, where the minimum 
values are only slightly below 3 ml/L. The great depletion of oxygen 
along the African west coast is probably due to the oxidation of remains 
of organisms which fall towards the bottom from the productive region 
of the Benguela Current. 

On the American side (fig. 210, p. 748), the Antarctic Intermediate 
Water is characterized by high oxygen content and this water mass can 
therefore be traced by means of a tongue of maximum oxygen values 
which extends nparly to the Equator. In the transition layer, below the 
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intermediate layer vithin which the direction <rf flow revereee, the oxyfen 
content shows a minimum of less than 4.5 ml/L but in the deep water 
values above 6 ml/L occur, decreasing to the south. 

The Equatorial Region of the AHontic Ocean 

The Wateb Masses of the Equatorial Rsoioh of the Atlantic 
Ocean. Between depths of 10()-200 m and 600-700 m, the water masses 
of the equatorial region are mainly of South Atlantic origin, but in the 
northern parts there is evidence of admixture of large quantities of North 



Fig. 170. Temperature>8alinity relation in the equatorial region of the Atlantic 
Ocean. Inset map shows location of Meteor stations used, and inset diagnun shows 
vertical distribution of temperature and salinity at Meteor station 246 in 2*40'8, 
16'’37'W, and at Meteor station 289 in ll‘’02'N, 

Atlantic Central Water which, as will be seen later, at temperatures 
between 8° and has a salinity which is nearly 0.5 Voo higher than that 

of the South Atlantic Central Water. Figure 170 contains T-S values 
at selected equatorial stations, the locations of which are (pven on the 
inset map, and also shows the characteristic T-S relationships of the 
central water masses. At the two stations close to the Equator, stations 
M246 and M259, nearly typical South Atlantic water occurred, but at 
station M289 in 11**N and 50‘’W the water contained a considerable 
admixture of North Atlantic water and the same was true of station M267 
in lat. Id^N off the African coast, where North Atlantic water appeared 
conspicuously at temperatures below 10.5°. Atthemostnorthemstation, 
M281 in lat. 19°N, nearly pure North Atlantic water was encountered. 
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In sum, there exists in the Atlantic Ocean no equatorial water mass, Init 
South Athmtic Central Water flows across the Equator and becomes 
mixed with the North Atlantic Central Water to the north of lat. 10"N. 

In the figure are entered lines joining the T-S points at the different 
stations, which represent conditions at depths of 500, 1000, 2000, and 3000 
m, and the line <r< = 27.0 is shown. At 600 m there is a wide range in 
the temperature and salinity of the water but the density is practically 
constant, as is evident from the fact that the 500>m line in the diagram 
nearly coincides with a <rj curve. At 1000 m there is still a considerable 
spread of temperatures and salinities, but a constant^density, whereas at 
2000 and 3000 m the variations in temperatures and salinities are nearly 
within the limits of the accuracy of the observation. The uniformity of 
the deep water is brought out by the close spacing of the 2000- and 3000-m 
marks. 

In the equatorial region, the water masses which have been dealt with 
so far are separated from the surface waters by a layer within which the 
density increases so rapidly with depth that it has the character of a dis- 
continuity layer. The existence of this discontinuity layer is illustrated 
by the inset diagram in fig. 170, showing the vertical distribution of tem- 
perature and salinity at Meteor stations 246 and 289. At the latter sta- 
tion a distinct salinity maximum was present in the discontinuity layer, 
such as is the case within large areas (Defant, 1936b). * 

The discontinuity layer is explained mainly as a result of heating of 
the surface water due to the absorption of radiation from the sun and 
forced mixing due to wind. The wate^ comes from higher latitudes and 
has originally a relatively low temperature. As the heating and mixing 
penetrates to greater and greater depths, the differences in density 
between the warm surface waters and the colder subsurface strata are 
concentrated in a thinner and thinner layer within which the stratifica- 
tion becomes more and more stable. When the stratification has become 
so stable that the layer takes the character of a discontinuity surface, 
further mixing is inhibited because the eddy conductivity is greatly 
reduced by the exceedingly great stability (p. 476) and the amounts of 
heat which are conducted downwards become so small that they are 
carried away by weak currents. Additional absorption of solar energy 
is used mainly for evaporation, and the final temperature which is 
attained will depend upon the rate of evaporation and is therefore 
determined by the interaction between the atmosphere and the ocean. 

The Currents of the Equatorial Region of the Atlantic Ocean. 
In a given locality the thickness of the upper warm layer depends not only 
upon the intensity of mixing but also upon the character of the circula- 
tion in the top layers, because in the presence of currents the discon- 
tinuity surface cannot remain horizontal but must slope (p. 444). On 
the basis of the Meteor data and all other observations available from 
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the tropical parts of the Atlantic Ocean, Defant (1936b)^has been able to 
construct a chart showing the topography of the discontinuity surface 
between latitudes 25*’N and 25'*S. Figure 171A is based on this chart. 
In the presence of a sloping discontinuity surface the flow of the water 
above that surface, relative to the underlying water masses, must, in the 
Northern Hemisphere, be in such direction that the surface rises to the 
left of an observer looking in the direction of flow, and in the Southern 
Hemisphere such that the surface rises to the right. On the basis of 
these rules, arrows have been entered showing the direction of flow which, 
in general, agrees well with the observed average surface currents in the 
tropical regions of the Atlantic. This picture shows the gyral in the 
South Atlantic Ocean which has already been discussed and demonstrates 
the complicated character of the cunents near the Equator where a 



Fig. 171. (A) Topography of the discontinuity surface in the Equatorud region 

of the Atlantic, shown by depth contours in meters, and corresponding currents. (B) 
Salinity in the layer of maximum salinity below the discontinuity layer and assumed 
currents. Regions without salinity maximum shaded. (Both representations after 
Defant.) 

countercurrent towards the east, the Equatorial Countercurrent, is 
imbedded between the equatorial currents of the two hemispheres. 

Evidently the countercurrent is related to the distribution of mass 
as demonstrated by the slope of the discontinuity surface. In a profile 
from south to north the discontinuity surface rises towards the Equator, 
reaches a maximum elevation at the Equator, and drops towards a mini- 
mum in 2® to 3“N latitude, at the northern boundary of the South Equa- 
torial Current. Between 2® to 3“N and 6® to 8®N the discontinuity 
surface rises towards the north, reaching a second and more pronounced 
maximum in the latter latitude. This is the region of the countercurrent, 
and to the north of the second maximum, where the surface slopes down- 
wards again, the North Equatorial Current is found. This distribution 
of mass was first recognized by means of the Carnegie observations in the 
Pacific (fig. 198, p. 710). On the basis of these, Sverdrup (1932) sug- 
gested that the countercurrent appeared because the trade winds main- 
taining the equatorial currents are not symmetrical to the Equator, the 
calm belt between them lying in the Northern Hemisphere, whereas the 
effect of the rotation of the earth is symmetrical in respect to the Equator. 
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He thought that in these duoumstances a stable distribution of mass 
could exist only in the presence of a countercurrent, and this idea was 
followed up by Defant (1936b), who demonstrated that in the equatorial 
part of the Atlantic Ocean the distribution of mass was similar to that 
shown by the Carnegie observations in the Pacific. Later on Sverdrup 
(1939b) pointed out that these data only show that the countercurrent 
is associated wil^ a typical distribution of mass but do not account for 
the dynamics of the current. 

The dynamics of the countercurrent have recently been discussed by 
Montgomery (1940) and by Montgomery and Palto4n (1940). Mont- 
gomery writes: 

The trade winds, by continually exerting a westward stress on the sea 
surface, produce a westward ascent of sea level along the Equator. This 
dope amounts to about 4 cm per thousand km, and the accompanying pres- 
sture gradient extends down to about 150 m in the Atlantic Ocean. The 
Equatorial Counter Currents are found in the doldrums and apparently 
result simply as a downslope flow in this sone where the winds maintaining 
the slope are absent. 

The ascent of sea level from east to west is due to a greater accumula- 
tion of light surface water along the coasts of South America. Figure 
171 A shov's that such accumulation exists because the thickness of the 
homogeneous surface layer above the discontinuity surface increases frdhi 
less than 40 m in the east to about 140 m in the west. Above a depth of 
150 m the isosteric surfaces, therefore, slope doumwards from east to west, 
but below 150 m they are practically;.Jiorizontal. Accordingly, Mont- 
gomery and Palm4n find that at the E<S[uator the geopotential height of 
the free surface referred to the 1000-decibar surface is 14 dyn cm greater 
in the west than in the east, but the 150-decibar surface is parallel to the 
1000-decibar surface. The countercurrent is therefore a very shallow 
current which is confined to the surface layer above the discontinuity 

A swift current which is embedded between water masses moving in 
the opposite direction must be subject to a considerable retardation owing 
to friction. A certain amount of energy is therefore needed for main- 
taining such a current, and this energy is, according to Montgomery and 
Palm4n, derived from the trade winds which maintain the slope of the 
sea surface. Montgomery and Palm6n assume that the retarding friction 
may be due to lateral mixing with the westward-flowing equatorial 
currents, and estimate the coefficient of lateral eddy viscosity to be 
7 X 10’' g/cm/sec. This concept leads to the important conclusion that 
on both sides of the countercurrent the equatorial currents are subjected 
to great lateral frictional stresses which are directed opposite to the hori- 
sontel stresses exerted by the trade winds on the surface. Similar lateral 
stresses must be directed opposite to the general flow along the conti- 
nental boundaries oi the two large counterclockwise gyrals of the two 
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hemispheres and the torque exerted by these stresses peihaps balances 
the torque exerted by the stress of the wind on the sea surface (see p. 
489). The lateral stresses between the equatorial currents and tito 
countercurrent probably contribute very materially to the total torque 
and the countercurrent represents, therefore, a dynamically important 
link in the entke system of ocean currents. 

Within the countercurrent and the adjacent equatorial currents, the 
frictional forces must lead to a transport of water across the isolines, that 
is, to a transverse circulation. This was examined theoretically by 
Defant (1936b), who considered friction due to vertical mixing, but the 
conclusions are probably applicable if the friction is due to lateral mixing. 
Defant’s results are shown schematically in fig. 172, according to which 
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Fig. 172. Schematic repreBentation of the vertical circulation within the equa- 
torial region of the Atlantic. The direction of the currents is indicated by the letters 
W and E. The water below the discon Linuity surface, which is supposed to be at 
rest, is shaded. 

four cells” are present, representing gyrals with horizontal axes, neigh- 
boring gyrals rotating in opposite directions. Within the southern cell 
the water sinks in the region of the Tropical Convergence and rises at the 
Equator, and within the next cell, located between the Equator and the 
southern boundary of the countercurrent, the water rises at the Equator 
and sinks at the boundary of the countercurrent. Within the counter- 
current the water rises at the northern and sinks at the southern boundary, 
and within the northern cell sinking motion takes place at the Tropical 
Convergence and rising motion at the northern boundary of the counter- 
current. The data from the Atlantic Ocean indicate the existence of 
these cells and tiie Carnegie section across the Pacific countercurrent 
(fig. 198, p. 710) demonstrates their presence convincingly. As a conse- 
quence of these transverse circulations, the northern boundary of tiie 
countercurrent and the Equator represent lines of divergence, whereas 
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the soathern boundary of the ccuntercurr^t is a line of eotwergence 
and individual vntter masses carried by the different currents follow 
complicated spiral-like trajectories. 

In summer, when the countercurrent is best developed, the effect 
of the divergence at the Equator appears on the charts of surface tem- 
peratures (Bdhnecke, 1936) as a tongue of low temperature, but no effect 
of the divergence at the northern boundary of the countercurrent is 
viable. The divergences also appear to be of biological importance 
because the ascending motion maintains a replenishment of nutrients 
to the surface layers, thus favoring the developmei^i of phytoplankton. 
The tongues of water of high phosphate content and of abundant phyto- 
plankton which extend towards the west from the coast of Africa (see 
figs. 216 and 217, p. 786) are probably related to the structure of the 
currents. 

In order to study the currents in and below the tropical discontinuity 
layer, Defant examined the character of the salinity maximum in the 
discontinuity layer, which is present between lat. 10°S and 20‘’N except 
within two narrow bands in about 3°S and 11°N. In fig. 171B the 
isohalines in the layer of salinity maximum are entered and the areas 
with and without salinity maxima in the discontinuity layer are indicated 
(after Defant). Within the discontinuity layer the vertical turbulence 
must, as already stated, be so much reduced that in this layer the water 
spread without being mixed with overlying or underlying masses, and 
the water can therefore move over long distances without losing its 
characteristics provided no horizontal.jnixing tAkes place. In this case 
the direction of flow must be approxifnately parallel to the isohalines, 
and from the chart showing these isohalines it is possible on these assump- 
tions to derive the direction of flow in the discontinuity layer. The 
arrows in fig. 171B demonstrate the direction of. these currents. It 
should be observed particularly that the belts without salinity maxima 
appear here as regions of convergence, whereas at ihe surface they are 
regions of divergence. This relation is in agreement with the conclusion 
as to the character of the vertical circulation (fig. 172). 

Montgomery (1939) has approached the problem of the subsurface 
currents near the Equator in an entirely different manner, assuming that 
the subsurface flow takes place along ot surfaces and that besides the 
vertical mixing, lateral mixing along <r, surfaces determines the distribu- 
tion of salinity and temperature. He points out that the layer of 
maximum salinity approximately coincides with the surface » 25.6, 
and has prepared a chart showing that in this surface the isohalines have 
in general the same form as those in fig. 171B. He furthermore assumes 
that the principal water motion follows the tongwi of low or high salinity, 
whereas Defant assumes that lines of flow are rouf^y parallel to the 
isohalines. The pictures of the current as derived by Defant and 
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Montgomery show considerable similarity, but the differmit eumnta 
appearing in the pictures are displaced relative to each other. 

Montgomery points out that the observed distribution of salinity 
can remain stationary in the presence of the assumed currents if either 
vertical or lateral mixing dominates. He has computed the. possible 
maximum values of the coefficients and obtained for the vertical one a 
value which was much greater than is consistent with the great stability 
of the stratification. If the vertical diffusion is small, the lateral diffusion 
must determine the character of the salinity distribution. The lateral 
diffusion was found to be about 4 X 10^ cmVsec, in agreement with the 
value of the lateral eddy viscosity which was derived by an entirely 
different method (p. 485). At the present time it is not possible to 
decide which of the two interpretations is the correct one, but the 
dynamic consequences of Montgomery’s concept appear to fit better into 
a large-scale picture of the ocean currents. 

The chart of the surface currents (chart VII) shows that on an aver- 
age a transport takes place from the Southern to the Northern Hemi- 
sphere in agreement with the conclusions which were based on the Meteor 
sections between lat. 20°S and SS^S, according to which an average 
transport to the north of about 8 million mVsec should take place above a 
depth of approximately 800 m. It appears that the greater part of this 
transport, about 6 million m’/sec, takes place within the warm siuface 
layers, for which reason it is probable that this process contributes towards 
displacing the thermal Equator towards the north. The fact that the 
surface temperature of the Atlantic Ocean is, in the Southern Hemisphere, 
lower, but in the Northern Hemisphere higher than that of the Pacific 
Ocean (see table 31, p. 127), is perhaps related to this transport. 

The Adjacent Seas of the North Atlantic Ocean 

The water masses and currents of the North Atlantic Ocean can be 
dealt with more precisely when the waters of the adjacent seas have been 
discussed, and we shall therefore turn first to the adjacent seas — the 
Caribbean Sea and the Gulf of Mexico, the Mediterranean and the Black 
Seas, the Norwegian Sea, the Baltic and the Polar Seas, and the Labrador 
Sea and Baffin Bay. 

Thb American Mediterranean Sea. The Caribbean Sea and the 
Gulf of Mexico can be considered together under the name of the Ameri- 
can Mediterranean Sea, a name which has been employed particularly 
by German oceanographers. The Caribbean Sea has the shape of a 
wide wd somewhat irregular channel, the eastern end of which opens 
towards tbe tropical part of the North Atlantic (see fig. 6, p. 35). The 
opening is wide, but is partly closed by the submarine ridge on which 
the Lesser Antilles lie. In most localities the ridge rises to less than 
1000 m below sea level and communication with the open ocean exists. 
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tiieref(n«, down to tiiis depth only. The northern bounduy of the 
channel, which is represented by the islands of Cuba, Haiti, and Puerto 
Rico, is broken by several passages, some of which have greater sill 
depths than the sill depth of the Lesser Antilles ridge. The important 
passages are the Anegada and Jungfem Passages to the east of Puerto 
Rico, and the Windward Passa^ between Cuba and Hispaniola. The 
Jamaica Rise between Hispaniola and Honduras divides the Caribbean 
Sea crosswise in two regions, the eastern and the western Caribbean 
Seas, of which the latter is also called the Cayman Sea (Parr, 1937). 
To the northwest the Yucatan Channel opens into the Gulf of Mexico, 
which has a simirier bottom topography and which, towards the east, is 
in communication with the Atlantic Ocean through the Straits of Florida. 
The sill depths in the Yucatan Channel and in the Straits of Florida are 
approximately 1600 m and SOO m, respectively. The waters of the 
North Atlantic can therefore pass freely through the American Mediter- 
ranean Sea at depths less than about 800 m, but at greater depths com- 
munication with the large water bodies of the Atlantic Ocean is more or 
less restricted. 

The water masses of the upper layers enter the Caribbean Sea from 
the east and show characteristics similar to those of the adjacent North 
Atlantic waters. Below a thin homogeneous top layer a nearly dis- 
continuous decrease of temperature is found and in most localities % 
salinity maximum is present within the discontinuity layer. The water 
masses that enter between the Lesser Antilles show a streaky distribution 
of salinity, narrow bands of high salinity alternating with bands of low 
salinity, but these differences are rapidly smoothed out in the Caribbean 
Sea owing to such intense mixing that the waters flowing through the 
narrow passages of the Yucatan Channel and the Straits of Florida are 
of more uniform character. 

The upper waters that flow into the Caribbean Sea are mainly of 
North Atlantic origin but contain a considerable admixture of South 
Atlantic water. The relative amounts of the two types of water can be 
approximately determined by a comparison between the temperatures 
and salinities of the South Atlantic water that crosses the Equator, the 
waters passing through the Yucatan Channel, and the water from the 
western Sargasso Sea, the T-S relations of which have been examined by 
Iselin (1936). Table 77 contains corresponding temperatures and 
salinities of these three water masses at different vt values. The last 
column in the table ^ves the ratio betwe^ the amounts of South Atlantic 
and North Atlantic water that pass through the Yucatim Channel. It 
is seen that at higher temperatiucs the current through the Channel 
carries about one part of South Atlantic md three and one half parts of 
North Atlantic water. The total transport is about 26 million m*/sec. 



me WAT» MASSES AND CUM»4tS OF THE OCEANS A39 

of which, accordin^y, about 6 million m’/sec represent South Atlahtie 
water. 

Below the uppw water a considerable amount <rf Antarctic Inter* 
mediate Water enters the Caribbean Sea, such that the water at the 
intermediate salinity minimum is mmnly of South Atlantic origin, as 
pointed out by Nielsen (1926) and Parr (1937). The intermediate 
salinity minimum in the Caribbean Sea decreases in intensity in the 
direction of flow. In the eastern part of the Caribbean Sea, in about 
longitude SS^W, the average minimum salinity is 34.73 Voo, whereas in 
the Yucatan Channel the average minimum salinity is 34.88 Voo< This 

Tablk 77 

CORRESPONDING TEMPERATURES AND SALINITIES AT STATED 
VALUES OF IN SOUTH ATLANTIC WATER AND IN THE 
WATERS OP THE WESTERN SARGASSO SEA AND YUCATAN CHANNEL 
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increase in salinity is, according to Seiwell (1938), mainly due to vertical 
mixing within the moving water mass. 

The deeper portion of the American Mediterranean Sea is divided 
into a series of basins, the most important being the Venesuela and 
Colombia basins in the eastern Caribbean Sea, the Cayman Trough and 
the Yucatan Basin in the western Caribbean Sea, and the Mexico Basin 
in the Gulf of Mexico. The character of the deep water in these basins 
depends upon their communications with the adjacent parts of the 
North Atlantic Ocean and upon the interconununications between the 
basins. The greatest depth of the sills separatii^ the basins of the 
eastern Caribbean from the North Atlantic are found in the Ane^ida 
and Jungfem Passages, between which lies the small St. Croix Basin. 
Figure 173 diows the distribution of potential temperature in a section 
passing from the Atlantic through the Anegada Passage, tine St. Croix 
Basin, and the Jungfem Passage into the Venesuela Basin (Dietrich, 
1939). It appears from this distribution that the sill depth of the 
Ane^a Passage is sonrewhat greater than that of the Jungfem Passage, 
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and that the waters in the St. Croix Basin therefore show a lower poten- 
tial temperature, about 3.5°, as compared to 3.85° in the Venezuela Basin. 
The de^ water in the Venezuela Basin is of lower density than that of 
the adjacent Atlantic Ocean, for which reason the deep water of the 
basin b renewed by inflow across the sill. The basin therefore belongs 
to the second type (see p. 148). The renewal of the deep water must be 
a relatively rapid process, because the oxygen content is high and has, 
according to Seiwell (1938), an average vidue of approximately 5.1 ml/L 
at a depth of 2500 m. 



Fig. 173. Sill depths between the Atlantic Ocean and the Caribbean Sea according 
to temperature observations. (A) potential temperature in a vertical section through 
the Anegada and Jungfem Passages. (B) Potential temperature in a vertical section 
through the Windward passage (after Dietrich). 

The sill depth of the Jamaica Rise, which separates the western 
Caribbean Sea from the eastern, is less than the sill depth of the Wind- 
ward Passage. The deep water of Cayman Trough and the Yucatan 
Basin is therefore renewed through the Windward Passage which, 
according to the distribution of potential temperature (fig. 173), must 
have a sill depth of approximately 1600 m. The renewal of the deep 
water in these basins appears to be even more rapid because the average 
oxygen content in the Yucatan Basin and the Cayman Trough is, at 
2500 m, between 5.5 and 6.0 ml/L. 

The deepest connection between the Mexico Basin and the adjacent 
seas is found in the Yucatan Channel, and the deep water of the Mexico 
Basin is therefore renewed from the Yucatan Basin by flow across the 
will in the Yucatan Channel. The sill depth is not exactly known but is 
probably somewhat less than the sill depth of the Windward Passage, 
becatise the potential temperature of the water in the Mexico Basin is 
about 3.95° as compared to 3.85° in the Yucatan Basin. The passages 
to the north of Cuba are much more shallow and no renewal of deep 
water can take place through them. Even in the case of the Mexico 
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Basin, renewal must be furly rai»d because the oxygen content at 
2500 m averages about 6.0 ml/L. 

The different sill depths have not yet been establidied by means of 
soundings, Md the depths given above are all based on studies of the 
hydrographic conditions. These can be interpreted in several manners 
and different values of the sill depths have therefore bemi arrived at by 
different authors, but in the above we have followed Dietrich’s presenta- 
tion (1939), which appears to combine the known facts in the most 
satisfactory manner. Dietrich has also been able to plot the potential 
temperatures at depths greater than 2600 m, and these show a remarkable 
regularity in spite of the fact that the greatest differences observed in the 
single basins do not exceed 0.05°. The arrangement of the potential 
temperatures further supports the conclusions as to the localities at 
which inflow of deep water into the basins takes place. 

The salinity of the deep water is very uniform. According to Parr 
(1937) the average salinity is 34.98 ®/oo and the deviations from this value 
are within the probable errors of the salinity determinations. 

It is evident from this summary that the American Mediterranean 
Sea does not exercise any influence upon the deep-water circulation of the 
Atlantic Ocean, but it may exercise a considerable influence on the 
circulation in the upper layers. 

The surface currents in spring areshown in fig. 174. A strong current 
passes through the Caribbean Sea, continues with increased speed through 
the Yucatan Channel, bends sharply to the right, and flows with great 
velocity out through the Straits of Florida. On the flanks of the main 
current numerous eddies are present, of which the one in the wide bay 
between Nicaragua and Colombia and the one between Cuba and 
Jamaica are particularly conspic.ious. In the Gulf of Mexico several 
large eddies exist, and all of these appear to be semipermanent features, 
the locations of which are determined by the contours of the coast and 
the configuration of the bottom. 

The presentation of the currents in fig. 174 is based on ships’ observa- 
tions. When attempting a calculation of ciirrents by means of numerous 
AtUmiis data from the Caribbean Sea, Parr (1937) found that the flow is 
not directed parallel to the contours of the isobaric surfaces, but between 
the Lesser Antilles and the Yucatan Channel the current flows uphill. 
Parr suggested that this feature may be due t.o piling up of water in front 
of the narrow Yucatan Channel, caused by the stress exerted on the 
surface by the prevailing easterly winds. This idea was further examined 
by Sverdrup (1939b), who concluded that the piling up of the surface 
water can be fully explained as the effect of winds blowing with an aver- 
age velocity of about 10 m/sec, which agrees well with the observed values 
in spring. A further consequence of this piling up is that in the Gulf of 
Mexico a highAr sea level is maintained than along the adjacent coast of 
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the United States facing the Atlantic Ocean. At Cedar Keys, on the 
western coast of Florida, the average sea level is 19 cm higher than the 
average sea level at St. Augustine, Florida, on the east coast. This 
indicates tiiat the prevailing winds over the Caribbean Sea produce a 
hydrostatic head tl^t may, according to Montgomery (1938), account 
for the major part of the energy of the Florida Current (p. 673). 

Regardless of the effect of the stress of the wind or the existence of a 
hydrostatic head, the mass distribution must adjust itself to the major 
currents that are present. In general, the lighter water is therefore 
found on the right-hand side of the current and tha^sea surface rises to 



Fig. 174. Sutfsce ourronts in spring in the Ameriosn Mediterranean Sea (after 
Dietrich). 


the right when looking in the direction of flow. This rise to the right is 
particularly conspicuous within a swift and narrow current and, in the 
case of the Florida Current, it has been computed that at the north coast 
of Cuba sea level must be about 45 cm higher than at Key West, Florida 
(Dietrich, 1936, Montgomery, 1938). The Florida Current will be 
further dealt with when discussing the Gulf Stream System of the North 
Atlantic, but in this place it should be pointed out that, according to 
Dietrich (1939), the Florida Current is essentially a direct continuation 
of the current through the Yucatan CThannel and that the waters of the 
Gulf of Mexico mainly form independent eddies and are only to a small 
extent drawn into the Straits of Rorida. 

Thb Eobofean Mbditbrbanean Sea. From the oceanographic 
point uf view the waters of the Mediterranean Sea are basin water masses 
which are in communication with the Atlantic Ocean only through the 
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narrow and shallow Strait of Gibraltar, the exdiange of water thnm^ tiie 
Sues Canal being negligible (p. 688). Hie Meditwraneui body of water 
can again be divided into several smaller ones, each of whidi has its 
specific characteristics, the most outstanding being the waters of tiie 
Black Sea, which are in restricted communication with the Mediterranean 
Sea proper through straits at the Dardanelles and the Bosporus'. Geo- 
graphically the Black Sea is not considered a part of the Mediterranean 
Sea, but oceanographically it should be regarded as such. 

The Mediterranean proper is divided into a series of deep basins more 
or less isolated from each other. The most outstanding of these are, in 
the western Mediterranean, the Algiers-Proven^al Basin to the west of 
Sardinia and Corsica and the Tsnrhenian Basin on the west side of 
Italy, and, in the eastern Mediterranean, the Ionian Basin to the south 
of Italy and Greece and the Levantine Basin to the south of Asia Minor 
(fig. 5, p. 34). The two former basins are separated from the two 
latter by shallow ridges between Tunisia and Sicily, whereas the two 
basins in the western Mediterranean Sea and the two basins in the 
eastern Mediterranean Sea are separated by deep sills. 

In the Mediterranean Sea proper (not including the Black Sea), 
evaporation greatly exceeds precipitation and runoff, and in winter deep 
water of very high salinity is formed in different places by vertical con- 
vection currents. The Mediterranean proper belongs, therefore, to the 
first type of basin (p. 147), in which deep water of great density is formed 
with outflow over the sill and inflow at the surface. 

The water masses of the Mediterranean are characteristically different 
from those of the adjacent North Atlantic, because, owing to the isolation, 
the deep water has a higher temperature. The Atlantic water which 
flows into the Mediterranean Sea is so rapidly mixed with Mediterranean 
surface water that it soon loses its Atlantic character. The surface 
salinity is higher than 37.00 Voo, except where the surface current flows 
to the east along the north coast of Africa as far east as Tunisia, and in 
the inner portion of the Adriatic Sea and the Aegemi Sea, where there is 
a considerable addition of river water or siuface water from the Black 
Sea. It is above 39 Voo to the south of Asia Minor. The surface sdinity 
is subjected to seasonal variations, but these are not known in detail. 
The surface temperature generally increases from the Strait of Gibraltar 
to the inner portions, except in winter, when the lowest surface tem- 
peratures are found in the most northerly portions, namely off the French 
and Italian Bivieras and in the inner portions of the Adriatic and Aegean 
Seas. The seasonal variation in temperature is great, the annual range 
everywhere exceeding 9° and reaching 13° to 14° off the Riviera and in 
the northern part of the Adriatic Sea. 

Below the surface fouf different water masses are encountered, includ- 
ing a thick transition layer which separates the intermediate water from 



444 


THE WATER MASSES AMO CURRMTS OF THE OCEANS 


the deep water. The ch«acter of these water masses is illustrated in fig. 
176, showing the vertical distribution of temperatiun and salinity at two 
Dana stations, station 4119 in the lyrrhenian Sea and station 4070 in the 
Ionian Sea. 

The surface water generally extends to a depth of 100 to 200 m. In 
the western Mediterranean the lower limit of the surface water is indi- 
cated by a temperature minimum, as seen at station 4119, whereas in the 

eastern Mediterranean the tem- 
perature minimum is generally 
absent and a layer of slow temper- 
ature decrease is found instead, as 
seen at station 4070. The depth 
of the temperature minimum or 
the depth of the layer of slow 
decrease represents the depth to 
which vertical convection currents 
ordinarily reach in winter, and the 
temperature and salinity at the 
depth of the minimum or in 
the layer of small decrease cor- 
respond to the surface values in 
winter. • 

Below the surface layer one 
finds, in the greater part of the 
Mediterranean, an intermediate 
water which is characterized by a 
salinity maximum at a depth of 
300 to 400 m. In the western sea 
a temperature maximum is present 
at nearly the same depth, but in 
the eastern sea only a second layer of small temperature decrease is found. 
This intermediate water, according to Nielsen (1912), is formed in the 
inner part of the Mediterranean, from where it spreads towards the west 
and finally flows out through the Strait of Gibraltar. At the Thor 
stations 178 and 160, in about long. SO^E, no subsurface salinity maximum 
was present but the salinity decreased regularly from the surface. 
Between 175 and 200 m the temperature remained constant, and this 
layer of constant temperature represents both the layer to which convec- 
rion currents reach in winter and the layer of intermediate water which 
originates in that part of the sea. As this water spreads to the west, the 
salinity and the temperature at the core decrease owing to mixing 



Fig. 175. Character of the water 
maasea in the Mediterranean Sea illus- 
trated by curves showing the vertical dis- 
tribution of temperature (T), salinity (S), 
and potential temperature (9) at the Dana 
stations 4119 in 40*13'N, 12WE, and 4070 
in 36*40.6'N, 21*64'E. 


procecees. 

Ihe lower boundary of the intermediate water can be placed, some- 
what arbitrarily, at about 600 m, where both temperature and salinity 
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decrease rajadly. This decrease coatinues vithin the transitioa layer 
between the intermediate water and llie deep and bottom water which, 
in the Mediterranean basins, is found below a depth of 1500 to 2000 m. 
At this depth a temperature minimum is encountered, and at greater 
depth the temperature increases adiabatically towards the bottom, as 
first shown by Nielsen. The potential temperatures at stations 4119 
and 4070, at depths greater than 1500 m, are also plotted in fig. 176, 
from which it is seen that at station 4119 the potential temperature 
between 2000 and 3400 m was constant at 12.74® and at station 4070 
the potential temperature between 2500 and 4200 m was constant at 
13.19®. The salinity appeared to decrease slightly towards the bottom, 
but the decrease was nearly within the limits of accuracy of the observa- 
tions. At station 4119 the average salinity below 2000 m was 38.42 Voo 
and at station 4070 the average salinity below 2500 m was 38.63 Voo, 
the greatest deviation from the averages being 0.02 Voo. Therefore, the 
Mediterranean basins are filled by water of uniform character, although 
the type varies slightly from one basin to another. According to the 
Thor and Dana observations the average values of temperature and 
salinity at 2000 m are : 


Basin 

Tem{>erature 

(“C) 

Potential 

temperature 

CC) 

Salinity 

(Vo.) 

Algiers-Proven cal 

13.00 

12.69 

38.39 

Tyrrhenian 

13.10 

12.79 

38.44 

Ionian 

13.57 

13.25 

38.65 

Levantine 

13.62 

13.30 

38.66 



These data show that there is an appreciable difference between the 
western and eastern basins, which are separated by the rise between 
Tunisia and Sicily. 

The deep and bottom water in the different basins is formed in 
localities in which the intermediate water is lacking and where convection 
currents in winter can reach from the surface to the bottom. Nielsen 
shows that the bottom water of the western basins originates mainly from 
the northern parts of the Balearic and Ligurian Seas, off the French and 
Italian Rivieras. At the Thor station 37, which was occupied on Jan- 
uary 30, 1909, in lat. 41°56'N, long. 6®18'E, nearly uniform density was 
found between the surface and 2000 m. The average value of tr, was 
29.04, and the greatest deviations from the average were ±0,04. The 
temperature at the surface was 12.40®, and the potential temperature 
at 2000 m was 12.70®, the salinities were 38.24 Voo and 38.35 ®/ oo, respec- 
tively. Even more extreme conditions were observed by Nathansobn 
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(KrOmmel, 1911) off Monaco on April 7 , 1909, when the temperature at 
the surface was 12.67**, the potential temperature at 2213 was 12.62°, 
and the salinities were 38.61 ®/o« 38.49 ®/oo, respectively. Probably 

no bottom water is formed in the Tyrrhenian Sea, and the slightly higher 
temperatures and salinities of the deep water are due to a small admixture 
of intermediate water. The deep and bottom water of the eastern basins 
is formed, according to Nielsen, in the Aegean Sea and in the southern 
part of the Adriatic Sea, from where it spreads to the south and west. 

Nielsen believes that the formation of bottom water takes place 
intermittently and this concept is substantiated b^ the potential tem- 
peratures at station 4070, which were constant at 13.38° between 1500 
and 2000 m and at 13.19° below 2500 m, indicating that slightly different 
water is formed under different conditions (fig. 175). Nielsen further- 
more emphasizes that the uniform character of the deep and bottom 

O 
M 

500 


1000 


Fig. 176. Temperature and salinity in a vertical section through the Strait of 
Gibraltar. 

water in a horizontal direction demonstrates active horizontal movement 
at great depth. 

The water that sinks from the surface in order to renew the deep 
water must be replaced, and such replacement is accounted for by an 
inflow of Atlantic water. The exchange of water between the North 
Atlantic Ocean and the Mediterranean takes place through the Strait of 
Gibraltar, which is noted for its strong currents. The bottom topography 
of the Strait is complicated; in its shallow portion two or possibly three 
ridges are present with sill depths of about 320 m. The character of the 
water masses passing in and out through the Strait of Gibraltar is illus- 
trated in fig. 176, showing isohalines and isotherms in a longitudinal sec- 
tion through the Strait. The observations used for perparing this section 
were made in late spring and early summer, in the months of May, June, 
and July of different years (Schott, 1928, Ramalho and Dentinho, 1931). 

In the upper layers Atlantic water of a salinity somewhat higher than 
36.00 ®/oo and a temperature higher than 13° flows in, whereas water of a 
salinity higher than 37.00 ®/oo and a temperature about 13° flows out 
along the bottom. The deeper water in the Mediterranean Sea iande 
the Strait of Gibraltar has a salinity of about 38.40 ®/oo and a tesnpera- 
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ture of 13”, but in the Strait int^idve mixiiig takes place, whereby the 
salinity of the outflowing water is greatly reduced and that ol the inflow- 
ing is increased. In the Strait the inflowing water has a thickness of 
approximately 125 m, but the boundary surface separating the in- and 
outflowing layers lies deeper on the African side of the Strait and the 
greater inflow therefore takes place on the southern side. This inclina- 
tion of the boundary surface is due to the effect of the earth’s rotation. 
The average velocity at the surface in some localities is in excess of 
200 cm/sec (4 knots), and close to the African coast a narrow counter- 
current with velocities up to 100 cm/sec (2 knots) is often encountered. 
Superimposed on the currents carrying water in and out of the Mediter- 
ranean Sea are strong tidal currents which greatly reduce the inflow 
when they are directed from the Mediterranean Sea to the Atlantic 
Ocean, and greatly increase the inflow when they are directed from the 
Atlantic to the Mediterranean. The inclination of the boundary surface 
probably varies with the speed of the inflowing current, and great vertical 
oscillations of tidal period therefore take place. 

The average velocity of the total inflow, according to measurements on 
Danish expeditions, is approximately 100 cm/sec (2 knots). By means 
of this value Schott (1915) has computed the inflow to be approximately 
1.75 million m*/sec. The outflow can be computed by means of the 
relations on page 148. Such computations have been made by Nielsen 
(1912) and Schott (1915), but subsequent data indicate that they have 
assumed somewhat too high values for the salinity of the outflowing 
water. From the sections published by Schott in 1928 it appears that 
the average salinity of the inflowing water should be, in the Strait of 
Gibraltar, about 36.25 Voo and that of the outflowing water should be 
not more than 37.75 Voo. With tliese values one obtains an outflow of 
1.68 million m’/sec and the difference between inflow and outflow, 
70,000 m*/8ec, represents the excess of evaporation over precipitation 
and runoff. A fraction of this excess is made up, however, by a net 
inflow from the Black Sea, amounting to 6500 m*/8ec (p. 650). 

The exchange of water through the Strait of Gibraltar presents a good 
example of how water from one region can be transformed by external 
influences and return as a different type of water, in this case as water of 
hi gh salinity. The rapidity of the exchange is illustrated by stating that 
the in- and outflow is sufficient to provide for a complete renewal of the 
Mediterranean water in about seventy-five years. 

Using the figures which Schott {pves for precipitation and runoff, 
one arrive at the water budget of the Mediterranean Sea proper, which 
is summarised in table 78. From this it appears that the total evapora- 
tion amounts to 115,400 m*/sec, corresponding to an umual evapora- 
tion of 145 cm, which is in fair agreement with the annual evaporation in 
these latitudes according to observations and computations (fig. 27, p. 
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121). As one might expect, the eTaponti<m from the Mediterranean 
Sea is somewhat greater than that from the open ocean in the same 
latitude, which is 110 cm a year. 

This discussion brings out a very chuncteristic difference between the 
Mediterranean Sea and the American Mediterranean Sea. The Mediter- 
ranean Sea exercises no great influence on the surface currents of the 
Atlantic Ocean because the amount of water that flows in through the 
Strait of Gibraltar represents a small fraction of the water masses that 
are transported by currents of the upper water layers; but the Mediter- 


Tabuh 78 

WATER BUDGET OF THE MEDITERRANEAN SEA 


Gains 

m*/8ec 

Losses 

m*/sec 

Inflow from the Atlantic Ocean 

Inflow from the Black Sea 

Precipitation 

n 

Outflow to the Atlantic Ocean 

Outflow to the Black Sea 

Rvaporation. ... 

1,680,000 

6,100 

115,400 

Run-off 


1,801,500 

1,801,500 


ranean exercises a widespread influence on the deep water of the North 
Atlantic by adding appreciable quantities of water of high salinity. The 
American Mediterranean Sea, on the other hand, exercises a great 
influence upon the currents of the upper layers because large water 
masses flow into the Caribbean Sea and' out of the Gulf of Mexico, and 
the types of currents are greatly modified by the character of the pas- 
sages; but the importance of the American Mediterranean Sea to the 
deep-water circulation is negligible. 

Within the Mediterranean an exchange of water takes place across 
the submarine ridge between Tunisia and Sicily that is similar to the 
exchange through the Strait of Gibraltar. Surface water of Atlantic 
origin and of salinity about 37.20 */ oo flows towards the west through the 
channel which cuts the ridge between Tunis and Sicily at a depth of 
about 400 m. According to Nielsen about 4 per cent of the inflowing 
water is lost by excess evaporation in the eastern Mediterranean, whereas 
96 per cent is carried out again by the intermediate current after the 
salinity has been increased by about 1.5 parts per mille. 

In fig. 177 a schematic picture is ^ven of the surface currents and the 
flow of the intermediate water (according to Nielsen, 1912). It is seen 
that both surface currents and intermediate currents have a tendency to 
circle the different areas in a counterclockwise direction. 

Ihe distribution of oxygen confirms the conclusions as to the origin 
of the different water masses of the Mediterranean and the flow of water. 










TME WATBt AAASSES AND CURRB4TS OP THE OCEANS S49 

The surfece water, which extends to a (tepth of 100 to 200 m, shows a 
high oxygen content. The oxygen content oi the intermediate water is 
relatively high in the eastern Mediterranean whm« this water is formed, 
but decreases toward the west, the lowest values being found in the 
western part of the Mediterranean area, the Balearic Sea. The transi- 
tion layer between the intermediate and the deep water is characterized 
by an oxygen minimum that is more conspicuous in the eastern than i^ 
the western regions. The deep water has a somewhat higher oxygen 
content, the highest value being found in the Balearic Sea, where the 
formation of deep water is probably most rapid. These general features 
are shown in table 79, which is based upon the Thor and the Dana 
observations in the summers of 1910 and 1930. For three different areas, 
the Ionian, Tyrrhenian, and the Balearic Seas, the table contains mean 



Fig. 177. Surface currente (tolid arrovu) aud currents at intermediate depths 
{dathed arrows) in the Mediterranean Sea (after Niebwn). 

values of temperature, salinity, and oxygen at the layer of salinity 
maximum, at the layer of oxygen minimum, and below 2000 m. It 
also gives average depths of the salinity maximum and the oxygen 
minimum within the different areas. The observations from 1910 and 
1930 agree remarkably well in the western Mediterranean, but in the 
Ionian Sea the oxygen values and the salinity values were on the whole 
hi ghny ^ in 1930 than in 1910, indicating that in different years the forma- 
tion of intermediate water may be more or less intense. 

The water masses of the Black Sea are entirely different from those 
of the Mediterranean proper. In the Blade B<Ba precipitation and runoff 
exceed evaporation, for which reason a surface layer is present of rda- 
tively low salinity and correspondinidy density. Vertical mixing 
tAuds to reduce the denmty of tito deep water, vdiich therefore has a lower 
density than thact of the water in the Mediterranean Sea proper at the 
depth. The character the waters of the Black Sea is seen from 
table 80, ^nutulning some of the observations at Thor Station 172, about 
100 m inside the Bosporus. 
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Owing to the distribution of density, the surface waters of the Black 
Sea flow out throuj^ the Bosporus and through the Dardanelles, and 
Mediterranean water flows in along the bottom. Intensive mixing takes 
place in these narrow straits, and the salinity of the inflowing water is 
therefore reduced from more than 38.50 Voo at the entrance of the Dar- 
danelles to between 35.00 and 30.00 Voo where the bottom current enters 
the Black Sea at the northern end of the Bosporus. Similarly, the 
sidinity of the outflowing water is increased from about 16.00 Voo where 
it enters the Bosporus to nearly 30.00 Voo where it leaves the Dardanelles. 
The out- and inflowing water masses are separatedvby a well-defined 
layer of transition which oscillates up and down according to the contours 


Tabus 79 

CHARACTERISTICS OF THE OXYGEN DISTRIBUTION IN THE 
MEDITERRANEAN 


Location 

Depth 

(m) 

Temp. 

(“C) 

S 

(Voo) 

0, 

(ml/L) 


Ionian Sea 

250 

14.59 

38.83 

4.84 

At salinity maximum 

Tyrrhenian Sea 

420 

13.91 

38.65 



Balearic Sea 

300 

13.18 

38.47 



Ionian Sea 

1180 

13.59 

38.68 


At oxygen minimum 

Tyrrhenian Sea 

960 

13.30 

38.51 



Balearic Sea 

580 

13.07 

38.44 



Ionian Sea 


13.67 

38.64 

4.14 

Below 2000 m 

Tyrrhenian Sea 


13.23 

38.41 

4.25 


Balearic Sea 


13.06 

38.39 

4.55 


of the bottom. The currents through the Bosporus can well be com- 
pared to two rivers flowing one above the other in a river bed which has 
a width of about 4 km (2 miles) and a depth of 40 to 90 m. 

Appreciable water masses pass through the Bosporus. According to 
current measurements and other observations by A. Merz (L. Moller, 
1928), the most probable values of the out- and inflow through it are 
12,600 mVsec and 6,100 m’/sec, respectively. (The Mississippi River 
carries, on an average, 120,000 mVsec.) The difference between inflow 
and outflow, 6,500 m*/eec, represents the excess of precipitation and 
runoff over the evaporation. Precipitation and runoff have been 
estimated at 7,600 and 10,400 mVsec, respectively, and the evaporation 
should therefore amount to 11,500 mVsec or 354 kmVyear. The area 
of the Black Sea is 420,000 km* and the above value therefore corresponds 
to an evaporation of 84 cm per year, in good agreement with observed 
and computed values for this latitude (p. 121). 

For the Black Sea the out- and inflowing water masses are of the 
same order of magnitude as the difference between precipitation plus 














THE WATER AAASSES AND CURRB4TS OF THE OCEANS 


65t 


run-off and evaporation, whereas for the Mediterranean proper the in- 
and outflowing water masses are many times greater than the excess of 
evaporation. This is in agreement with the general considerations 
which were set forth on page 147. It follows that the renewal of the deep 
water of the Black Sea is a very slow process because the entire renewal 
has to be taken care of by the water which flows in along the bottom 
of the Bosporus. This inflow is so small in proportion to the totaJ volume 
of water in the Black Sea that complete renewal of the water below a 
depth of 30 meters would take about 2500 years. For all practical pur- 
poses the deep water of the Black Sea is stagnant, as is evident from the 


TABt.K 80 

HYDROGRAPHIC CONDITIONS IN THE BLACK SEA 
(Thor Station 172, August 10, 1910, 41‘’32'N, 29*24'E, Sounding, 1090 m) 


Depth 

(m) 

Temp. 

(“C) 

s 

(“Ui 


o, 

(ml/L) 

K.S 

(ml/L) 

[ 

0 

24.1 

17.59 

10.56 

5.14 


10 

24.1 

17.59 

10.56 

5.14 


25 

12.73 

18,22 

13 54 



50 

8.22 

18.30 

13.22 

6.71 


75 

7.44 

18.69 

14.62 

5.51 


100 

7,61 

19.65 

15.33 

2.33 


150 

8.31 

20.75 

16.12 

0.17 


200 

8.54 * 

21 29 

16.51 



300 

8.68 

21.71 

16.82 


2.34 

400 

8.72 

21.91 

16.97 

i 

4 17 

600 

8,76 

22 16 

17.16 


4.96 



22,21 

17 19 




8.85 

22.27 

17 24 

1 

6.04 


fact that below a depth of 200 m the water contains no oxygen, but large 
quantities of hydrogen sulphide (table 80). 

The Arctic Mediterranean Sea. Under the name “Arctic Medi- 
terranean Sea” are understood the areas to the north of the Wyville 
Thomson Ridge between the Orkneys and Faeroe Islands, the Faeroe 
Islands-Iceland Ridge, and the Iceland-Greenland Ridge. Exchange of 
water between the Atlantic Ocean and the Arctic Mediterranean Sea 
takes place across these ridges. In addition, the water masses of the 
Arctic Mediterranean are in restricted communication with those of the 
Atlantic through the English Channel and through the narrow sounds 
to the west of Gl'cenland, and with the waters of the Pacific Ocean 
through Bering Strait. The Arctic Mediterranean is the largest of all 
adjacent seas and is subdivided into a number of distinct areas, of which 
the more important are the Norw^;ian Sea, the North Sea, the B^tic 
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with its gulfs, the Barents Sea, and the North Polar Sea. The ueas of 
some of these parts are shown in table 4 (p. 15). 

Much the major mcchange of water between the Arctic Mediterranean 
and the adjacent oceanic regions takes place through the straits between 
Scotland and Greenland. The character of the exchange is radically 



Fig. 178 . Chart of the important openinga between the Atlantic Ocean and the 
Arctic Mediterranean Sea, and vertical sections showing, distribution of temperature 
and salinity in the Faeroe^hetland Channel and in the Denmark Strait 
Stations A, B and D are shown, but station C lies outside of the region covered by the 
chart. 

different from that between the Atlantic Ocean and the Mediterranean 
Sea, where inflow of Atlantic water takes place in the upper layers of ^ 
Strait of Gibraltar and outflow near the bottom. The openii^ between 
the' Atlantic Ocean and the Arctic Mediterranean is so wide that the 
water flows in through the southeastern part of the opening and out 
through the northwestern. Hie character of the water masses is illus- 
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trated in fig. 178. The top part of the figure contains a chart of the area 
between northern Scotland and eastern Greenland on which the 100(Kin 
bottom contour is shown. On the chart are indicated the location of 
two sections, one through the Faeroe*Shetland Channel to the north of 
the Wyville Thomson Ridge, and one through the Denmark Strait 
between Iceland and Greenland to the north of the Iceland-Greeniand 
Ridge (fig. 3, p. 30) ’’n the lower part of the figure are shown the 

distributions of temperature and salinity in these sections according to 
observations of the Michael Sara in 1910 (Helland-Hansen, 1930) and 
observations on board the ffeimdal in 1933 (Helland*Hansen, 1936). 
The principal inflow takes place across the Wyville Thomson Ridge. 
The inflowing water masses are characterized by a salinity higher than 
35.00 V 00 and a temperature higher than 4®, the larger part of the water 
masses having a salinity above 35.25 ®/oo and a temperature above 8®. 
The section through Denmark Strait shows that a small amount of 
Atlantic water of salinity above 35.00 */oo and temperature above 4® 
flows north along the west coast of Iceland, but by far the greater amount 
of the water masses shown in the left-hand sections of fig. 178 flow out, 
having temperature.s between 2® and —1.5®, and salinities ranging from 
34.90 ®/oo to 31.00 »/oo. 

The great difference between the inflowing Atlantic water masses and 
the outflowing Arctic water is illustrated in fig. 179. In the main part 
of the figure, T-S curves are plotted showing the character of the waters 
at Michael Sars station 106 (A), which was occupied in the Faeroe- 
Shetland Channel on August 10 and 11, 1910, and at the Heimdal station 
47 (B), which was occupied in the channel to the north of the Iceland- 
Greeniand Ridge on July 22, 1933. The inset diagram shows T-S curves 
which are drawn on a much wider salinity scale, demonstrating the 
character of the waters at Michael Sars station 106 (A) ; at Michael Sars 
station 100 (C), which was occupied to the southwest of the Wyville 
Thomson Ridge on August 6, 1910; and at the Heimdal station 33 (D), 
which was occupied to the south of the Iceland-Greeniand Ridge on 
July 17, 1933. The last two stations have been added in order to demon- 
strate the similarity between the waters in the Faeroe-Shetland Channel 
above 600 m and the water masses to the south of the Ridge on the entire 
distance from the Orkneys to Greenland. The inset diagram demon- 
strates that one has to deal here with exactly the same water mass, but 
water which to the north of the Wyville Thomson Ridge was found at a 
depth of 600 m, south of the ridge was present at 1200 m, and to the west 
of Iceland was present at 800 m. 

The similarity of the water masses at Michael Sars station 100 and 
Heimdal station 33 shows that only part of the Atlantic water flows 
across the Wyville Thotnson Ridge and that part bends towards the west 
and flows towards Greenland. This current will be dealt with later 
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(p. 682), but here it will be emphasued that the Orkney-Greenland Bidge 
forms a most effective barrier between the deeper waters of the Atlantic 
and those of the Arctic Meditmmiean. 

On the southern side of the barrier, Atlantic water is present to the 
greatest depths except along the continentfd shelf of Greenland, where the 
Polar Current flows south, but on the northern side of the barrier and 
below the sill depths the water masses have a uniform salinity of about 



Fig. 17d. Temperature'^inity relations at stations in the Facroe-Shetland 
Channel (A) and in Denmark Strait (B). Inset: Temperature-salinity relations at 
stations southwest of the Wyville Thomson Ridge (C) and south of the Iceland- 
Greenland Ridge (D). Depths in hectometers are entered along the curves. I^oca- 
tions of stations A, B, and D are shown in fig. 178. 

34.92 V 00 and a temperature below 0“. This deep water, formed in the 
Norwegian Sea, has a greater density than the Atlantic water at cor- 
responding depths, but there is no evidence of an outflow of this water 
across the sills. At the Wyville Thomson Ridge the deep water of the 
Norwegian Sea does not reach up to the sill depth, whereas at the Iceland- 
Greenland Ridge it does, as is evident from the Heimdal observations, 
but no trace of that deep water was present at Heimdal station 33 on the 
southern side of the ridge (see curve D, fig. 179) nor at any of the Meteor 
stations in the same region (Defant ef of, 1936). 
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HeUaad-Haosen (1934) has computed tbe volumes of Atiautic water 
that in May, 1927 and May, 1929, flowed north through a section from 
lat. 60®40' on the coast of Norvray to lat. 63®20', long. 4®W, nortiiwest 

the Faeroe Islands. He found 2.78 and 3.31 million m'/sec respec- 
tively, and the average inflow of Atlantic water may therefore be esti- 
mated at about 3 million mVsec. 

In addition to the inflow of Atlantic water, an inflow of Bering Sea 
water takes place through Bering Strait. On August 1, 1934, the United 
States Coast Guard Cutter Chelan anchored in Bering Strait and measured 
currents between the surface and the bottom during 21 hours. From 
these measurements it was concluded (U. S. Coast Guard, 1936) that the 
transport inward through Bering Strut was 0.88 million mVsec, but the 
average annual transport is probably much smaller because the inflow 
is less regular and weaker in winter. It does not seem probable that the 
average inflow during the year exceeds 0.3 million m*/8ec. 

The Arctic Mediterranean also receives a considerable amount of 
fresh water in the form of runoff from the great Siberian and Canadian 
rivers and from excess of precipitation over evaporation. The runoff 
from the Siberian rivers averages, according to Zubov (1940), about 0.16 
million mVsec. The excess precipitation over the North Sea and the 
Norwegian Sea can be estimated at about 0.6 m per year, and over the 
Arctic Sea, where the precipitation is small, at about 0.12 m per year. 
On this basis one finds a total excess of precipitation of about 0.09 million 
mVsec. 

The outflow from the Arctic Mediterranean Sea takes place prin- 
cipally through the Denmark Strait, for which reason the water budget 
of the region can be presented as follows: 


Inflow northw€»t of Scotland 3.0 million mVsec 

Inflow through Elering Strait 0.3 million m*/Bec 

Runoff from rivers 0. 16 million m’/seo 

Excess precipitation 0.09 million m*/Bee 

Inflow and addition of fresh water 3.65 million m*/sec 

Outflow through Denmark Strait 3.56 million m’/sec 


On the basis of these figures one finds that a complete renewal of the 
waters of the Arctic Mediterranean Sea would take about 165 years. 

A rough check on the relative correctness of the above values can be 
obtained by considering that the net salt transport into the Arctie 
Mediterranean must be zero. The average salinity of the inflowing 
Atlantic water is about 35.30 Voo and that of the Bering Sea water about 
32.00 Voo. Therefore 3.0 X 36.3 + 0.3 X 32.0 « 3.56 8^ where S,^ is 
the salinity of the outflowing Arctic water. This equation gives 
S^ == 32.5 Voo, in fair agreement with the salinity shown in the section 
in fig. 178. If the addition of fresh water were 0.1 X 10* mVsec or 
0.4 X 10* m*/8ec, the salinity of the outflowing water would be 34.0 Voo 
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or 31.2 V»«» respectively, but of these values the first appears to be too 
high and the second appears to be too low, whereas the assumed values 
of 0.26 X 10* m*/Bec leads to a reasonable result. 

The amount of heat given off by the water can also be estimated. 
The average temperatures of the in- and outflowing waters between 
Scotland and Greenland can be taken as 8°C and — 1°C, respectively, 
and the average temperature of the water flowing through Bering Strut, 
the runoff, and the excess precipitation can be taken as 0°C. The total 
amount of heat given off by the waters in the Arctic Mediterranean Sea 
is then about 24 X 10** g cal/sec. It is probable 1|rat at least half of 
this amount is given off where the Atlantic water flows north along the 
west coast of Norway, or over an area not greater than 2 X 10** m*. 
The average amoimt of heat given off in this area would then be 12 g 
cal/m*/8ec *= 0.072 g cal/cm*/min = 103 g cal/cm*/day. This value, 
although uncertain, serves to demonstrate the important bearing of the 
Atlantic Current on the climate of the extreme northwestern part of 
Europe. 

From the above discussion of the water, salt, and heat budgets of the 
Arctic Mediterranean Sea it is evident that the Atlantic water which 
contributes mostly to the inflow is diluted and cooled off to such an 
extent that the outflowing water is of entirely different character. We 
have here another striking example of local factors operating towaftls 
changing the inflowing water and producing a new water mass. 

The influence of the local factors is more or less conspicuous in the 
different parts of the Arctic Meditepemean Sea, giving rise to other 
water masses than those mentioned, ahd to water masses produced by 
mixing. Every subdivision of the Arctic Mediterranean has its own 
characteristic water masses, which Mdll be briefly described. 

In the Norwegian Sea, Atlantic water is found off the west coast of 
Norway, where it flows to the north, losing some of its heat content to 
the atmosphere and being somewhat diluted by excess precipitation. 
On the right-hand side of the Atlantic water is the Norwepan coastal 
water, which has a lower salinity, owing to runoff, and a considerable 
annual range in surface salinity and temperature. On the left-hand side 
of the Atlantic water are found water masses which have been formed by 
mixing between the Atlantic water and the Arctic water which flows south 
along eastern Greenland. The latter is characterized by low salinity 
and temperatures below 0®C, as illiestrated in the left-hand section in 
fig. 178. The mixed water in the central and western parts of the Nor- 
wegian Sea has a salinity around 34.90 */ oo and at the surface a tempera- 
ture which varies considerably during the year. In winter the surface 
layers are cooled, but before reaching freezing point the waters attain 
a higher density than that of the deeper waters and therefore sink to the 
bottom. By this process, first described by Nansen (1906), the bottom 
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water of the Ncnrwepan Sea is renewed. As further evktoiee for the 
correctness of the explanation, Helland-Hansen and Nansoa (1900) 
point out that surface samples, taken by sealing vessels to the northeast 
of Jan Mayen in March to May, show temperatures between —1.2® 
and — 1.9®, and salinities between 34.70 “/oo and 34.94 ®/oo. The bottom 
water has a salinity between 34.92 */oo and 34.93 ®/ go and in the northern 
part a temperatiue of about — 1.1® to — 1.2®C, while in the southern part 
the temperature is about — 1.0®C. This uniform bottom water fills 
all the basins of the Norwegian Sea at depths below 600 m, but above 
1500 m the temperatures are somewhat higher than those mentioned. 

The North Sea waters have, in general, salinities between 34.00 ®/od 
and 35.00 ®/og, but Atlantic water of salinity above 35.00 ®/go is found in a 
tonguelike area to the south of a line from Scotland to the west coast of 
Norway and in another tonguelike area extending northwest from the 
English Channel. Norwegian coastal water of salinity as low as 30.00 ®/oo 
is encountered in the northeastern part of the North Sea (Deutsche 
Seewarte, 1927). 

The Baltic ^a, together with the Gulf of Finland and Gulf of Bothnia, 
represents a region which, oceanographically, has some features in com- 
mon with the Black Sea. In the Baltic, as in the Black Sea, precipitation 
and runoff greatly exceed evaporation, for which reason a layer of brackish 
surface water is formed that flows out through the sounds between Sweden, 
the Danish Islands, and Jutland. Along the bottoms of these sounds. 
North Sea water that has been considerably diluted vith Baltic w’ater 
flows in. The sounds are narrow and shallow, for which reason intensive 
mixing takes place in and directly outside the sounds, and the influence of 
the Baltic water does not reach to any great distance. In thds respect 
conditions are similar to those in the Black Sea and the Mediterranean, 
where the influence of the low-salinity water flowing out from the Black 
Sea is present only in the northern part of the Aegean Sea. There exists, 
however, one striking difference. The Black Sea has a deep basin fiUed 
by stagnant water of relatively high salinity, but in the Baltic only a few 
small basins exist, the deepest (with a maximum depth of about 210 m) 
being found off the island of Gotland. In these basins water of higher 
salinity is found, but the basins are so limited in extent and the difference 
in salinity between the bottom water and the surface water is so small 
that renewal of the deep water in the basins cap take place, {md stagnant 
water conesponding to that of the Black Sea is not found. Over large 
portions of the Baltic the salinity of the surface layer is about 7.00 ®/gg 
but it drops, in the inner parts of the Gulfs of Finland and Bothnia, to 
less than 3.00 ®/oo, in spring even below 1.00 ®/og (Deutsche Seewarte, 
1927). The salinity of the water in the different basins decreases from 
about 16.00 ®/og in the southern basins to about 12.00 ®/og in the basins 
further north. The surface temperatures show a large annual variatitm. 
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In the Golfs of {Inland and Bothnia ice forma during winter, and th^ 
gulfs r^nain ice^overed for periods between three and five months, 
depmiding upon the severity of the winter. In very severe winters l^e 
sounds between Sweden, the Danish Islands, and the Danish mainland 
also freese over. 

In the North Polar Sea three main water masses are encountered, 
the Arctic Surface Water, the Atlantic water, and the Arctic Deep Water. 
The Arctic Surface Water has a low salinity ranging from a few per mille 
at the mouths of the Siberian rivers to 32 Voo or 33 Voo to the north of 
Spitsbergen. Owing to the low salinity of the sui^ftce waters, no deep 
water is formed in the Arctic Sea itself, but in winter a top layer of 
homogeneous water is developed. On the North Siberian Shelf at a 
distance of about 400 km from the coast, the salinity of this homogeneous 
layer reached, in 1923, its maximum value, 29.67 Voo, in May (Sverdrup, 
1929), but at the end of the summer a nearly fresh top layer was formed 
by the melting of ice, and as a result of admixture of this fresh water 
the salinity was somewhat reduced down to a depth of about 30 m. The 
temperature of this upper layer remained at freezing point during the 
winter and in summer was raised slightly above freezing point. It is 
probable that an upper layer of similar characteristics is found all over 
the Polar Sea, as indicated by Nansen’s observations in 1893-1896, but 
data from later Russian expeditions are not yet available. * 

Below this upper layer and a transition layer is found the Atlantic 
water, which enters the North Polar Sea north of Spitsbergen as a sub- 
surface flow. In 1931 (Mosby, 1938)' water of a salinity of 35.10 Voo 
and a temperature between 3° and 4° was found to the north of Spitsber- 
gen in lat. 80°38' and longitude 13°41'E, between depths of 75 and 400 m. 
Nansen’s observations (1902) showed that this Atlantic water can be 
traced across the Polar Sea toward the region of theNew Siberian Islands, 
and his observations have recently been confirmed by those which were 
conducted during the drift of the Sedov in 1937-1940. Zubov (1940) 
states that both the temperature and the salinity of the Atlantic water 
were higher in 1937-1940 than they were in 1893-1896. In both instances 
admixture with Polar water led to a decrease of temperature and salinity 
in the direction in which the Atlantic water spreads out. 

The deep water of the Polar Sea has a uniform salinity of about 
34.93 V»o and uniform temperature of about — 0.85‘. Nansen observed 
an increase of the temperature toward the bottom which can be explained 
as a result of adiabatic heating. This deep water cannot be formed 
anywhere in the Polar Sea, but it shows great similarity to the deep water 
in the northern part of the Norwegian Sea. Nansen therefore conducted 
tha^ the deep water of the Polar Sea was formed in the Norwepan Sea 
and flowed in across the submarine ridge between Spitsbergen and Green- 
land, which supposedly has« dll depth of 1200 to 1600 m. These con- 
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elusions were confirmed by the obeervations made on board the Navtilva 
(Sverdrup, 1933). It is not yet known whether the observations on 
recent Russian expeditions will modify the eariier results. 

The marginal areas of the North Polar Sea, the Barents Sea, the Kara 
Sea, and the areas between the islands of the Canadian Archipelago show 
complicated conditions owing to dominating local influences and inflow 
of different water masses. Atlantic water, for example, flows into the 
Barents Sea both to the north of Norway, where it branches out in differ- 
ent directions, and to the north of Spitsbergen, where part of the Atlantic 
water turns south between Northeastland and Franz Josef Land. The 
different basins in the Barents Sea therefore contain waters of slightly 
differing characteristics depending upon their origin. 

The currents of the Arctic Mediterranean Sea have been repeatedly 
mentioned in the preceding discussion of the water masses. Later 
observations have not materially changed the conception of the siu^ace 
currents of the Norwegian Sea which Helland-Hansen and Nansen pre- 
sented in 1909. Their picture is reproduced in fig. 180, according to 
which the two main currents in that region are the Norwegian Current, 
representing a continuation of the North Atlantic Current, and the East 
Greenland Current. 

The Norwegian Current, a part of the Gulf Stream system (p. 673), 
is flanked on the left-hand side by a series of whirls, some of which are 
probably stationary and related to the bottom topography, whereas 
others may be traveling eddies. Off northern Norway the Norwegian 
Current branches, one branch continuing into Barents Sea and another 
turning north toward Spitsbergen and bending around the northwest 
of the Spitsbergen islands. The waters of this current have a high 
salinity and a high temperature, the maximum salinity decreasing from 
about 35.3 Voo north of Scotland to about 35.0 Voo off Spitsbergen and 
the subsurface temperature decreasing from about 8° to less than 4° in 
the same distance. 

The East Greenland Current flows on or directly off the East Green- 
land shelf, cariy'ing water of low salinity and low temperature. The 
greater part of the East Greenland Current continues through Denmark 
Strait between Iceland and Greenland, but one branch, the E^t Iceland 
Arctic Current, turns to the east and forms a portion of the counterclock- 
wise circulation in the southern part of the Norwegian Sea. 

No velocities are entered on tbe figure, but within the Norwepan 
Current velocities up to 30 cm/sec, or about 0.5 knot, occur and within 
the East Greenland Current, where the water moves fastest directly 
off the shelf, velocities of 25 to 35 cm/sec are encountered. These values 
are based partly upon computation from the distribution of density and' 
partly upon direct current measurements (Helland-Hansen and Nansen 
1909, JackheUn, 1936). 




Fig. 180. Soiface currents of the Norwegian Sea (after Helland- 
Hansen and Nansen). 


can be shown in the figure, and several smaller but permanent eddies 
appear to be present. In the straits between Sweden and Denmark the 
suHace current is directed in general from the Baltic to the North Sea, 
but along the bottom the water fiows into the Baltic. In the Baltic and 
the adjacent gulfs the currents are so much governed by local wind con- 
ditions that no generalisation is possible. 




THE WATBt MASSES AND CURRENTS OP THE OCEANS 




The oatflowing water from the BaJtie continues as a low>salinity 
current along the south and southwest coast of Norway, as shown in fig. 
180. This Norwegian coastal current carries warm water in summer and 
cold water in winter, the development of the current being greatly influ- 
enced by the prevailing wind. A striking example of the advance of Oold 
water masses along the coast in the winter of 1937 is discussed by Eggvin 
(1940), who traced the movements of a cold-water front by surface 
thermograph records and oceanographic observations at fixed localities. 

In the North Polar Sea the surface currents are also greatly influenced 
by local winds. An independent current appears to be present only to 
the north of Spitsbergen and to the northeast of Greenland, where the 
surface waters flow south to feed the East Greenland Arctic Current. 
The greater part of the Atlantic water which reaches Spitsbergen as the 
northern branch of the Norwegian Current submerges below the Arctic 
surface water and spreads as an intermediate layer over large parts of the 
Polar Sea. 

In the Barents Sea a counterclockwise circulation prevails with rela- 
tively warm water of Atlantic origin on the southern side and Arctic 
water on the northern, and with numerous eddies in the central portion. 
In the other marginal areas of the Polar Sea — the Kara Sea, the Laptev 
Sea, the North Siberian Sea, and the Chukotsk Sea — the currents are 
mainly determined by local winds and, in summer, by the discharge of 
large quantities of fresh w’ater from the Siberian rivers or the Yukon 
River, but details of the currents are little known. 

The Norwegian Current and its branches are subject to variations 
which are related to other phenomena. Helland-Hansen and Nansen 
(1909, 1920) have shown that the surface temperature of the Atlantic 
water off the Norwegian coast fluc1iiate.s considerably from one year to 
another and that high summer temperatures of the surface water are 
mostly followed by high air temperatures during the subsequent winter 
and spring. Besides such minor fluctuations major changes take place 
that lead to altered conditions over a number of years (Helland-Hansen, 
1934). In 1901-1905 and in 1925 and 1927 the maximum salinity of the 
Atlantic water off western Norway at depths greater than 50 m was 
between 35.30 “/oo and 35.35 ®/oo, but in 1929 a maximum salinity of 
35.45 Voo was observed, and in 1928 and 1930 the highest values were 
35.43 Voo and 35.40 Vdo respectively. The temperatures in 1929 were 
hi(^er than on any previous occasion and, in agreement with this observa- 
tion, the air temperature in Norway from November, 1929, to April, 1930, 
was higher, on an average, than in any winter since 1900. 

H el la rd -H ansew found that in 1929 the Atlantic water flowing into 
the Norwegian Sea was not only warmer and of higher salinity but that 
the volume was also greater than average. He points out that such an 
increased inflow must have had far-reaching consequences. Owing to 
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the time needed for the water to reach the Barents Sea the ^ect of the 
large amount of warm water should appear in the Barents Sea two years 
afto* the water was observed off southwestern Norway, and the inflow of 
wanner water should lead to an increase of the ice-free areas in spring. 
In agreement with this reasoning, in May, 1929, the ice-free areas in the 
Barents Sea east of 20*’E comprised 330 km*; in May, 1931, they extended 
over 710 km*. An effect on conditions to the northwest of Spitsbergen 
should also appear one or two years later. Continuous observations are 
not available, but Mosby (1938) points out that, whereas in the years 
1910, 1912, 1922, and 1923 the maximum salinity (fll the Atlantic water 
varied between 34.95 Voo and 35.06 Voo, it reached a value of 35.14 Voo in 
1931. In earlier years the maximum temperature varied between 2.57” 
and 4.48”, but in 1931 it reached 5.04”. The inflow of the warmer water 
led to the return into Spitsbergen waters of the cod, which had not been 
caught there in commercial quantities during the preceding fifty or sixty 
years. 

The causes of the fluctuations which have been described are not 
known, nor is it known whether th^ fluctuations are periodic in char- 
acter, and the same statements apply to fluctuations which occur in other 
regions of well-defined currents. 

The large water masses of the Arctic Mediterranean have a high 
oxygen content, but within the many minor bodies of water which are^n 
restricted communication with the waters of the Arctic Mediterranean 
the oxygen content varies within wide limits. In general, the Atlantic 
water of the Norwegian Current has a high oxygen content, but off the 
Norwegian coast minimum values somewhat below 5 ml/L have fre- 
quently been observed. The deep water of the Norwegian Sea contains 
large quantiti^ of oxygen, in agr^ment with the concept that this water 
is rapidly renewed by vertical convection currents which in late winter 
extend from the surface to the bottom. At a temperature of — 1” values 
up to 7.2 ml/L have been observed, corresponding to a saturation of 88 per 
cent. Both the Atlantic water that flows into the Polar Sea to the north 
of Spitsbergen and the deep water that enters over the Spitsbergen- 
Greenland Ridge is rich in oxygen, as is evident from the observations by 
Mosby (1938) and Sverdrup (1933). In the deep water of the Polar Sea 
to the north of Spitsbergen the highest observed value was 6.73 ml/L at 
a depth of 3,000 m. On the other hand, in coastal areas where the bottom 
topography or other local conditions are important, very low oxygen 
values may be found. On the North Siberian shelf, where occasional 
intrusion of high-salinity water takes place, low oxygen values occur, 
probably owing to the consumption of oxygen by the organisms on the 
bottom of the shallow shelf or to decomposition of organic matter which 
has accumulated on the bottom. Values as low as 1.56 ml/L were 
observed at a distance of 5 m from the bottom, where the salinity was 
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about 32.00 Vmi whereas at 16 m from the bottom, where Urn saliaity 
was 29.00 Voe> the oxygeu content was nearly 8 ml/L (Sverdrup, 19^). 
In numerous basins in Norwegian fjords the water contains no oxygen 
but does contain large amounts of hydrogen sulphide (Str5m, 1936). 

Thb Labbadob Sba and Bafun Bat. The waters of the Labrador 
Sea are at all depths in free commimication with those of the Atlantic 
Ocean, wherefore the Labrador Sea should be considered not an adjacent 
sea but a part of the Atlantic. The waters of Baffin Bay, on the other 
hand, are partly separated from those of the Labrador Sea by the sub- 
marine ridge across Davis Strait; but, because of the close relationship 
between the waters of Baffin Bay and Labrador Sea, and because of the 
strong induence of similar local factors in both regions, it appears desirable 
to treat them jointly. 



Fig. 1 81 . Temperature and salinity distributions in a longitudinal section through 
the Labrador Sea and Baffin Bay, and in a cross-section from Labrador to Green- 
land. Location of sections shown in inset map. 


The character of the water masses in the Labrador Sea and Baffin Bay 
is illustrated in fig. 18 L, based upon diagrams prepared by Smith et ol 
(1937). The distributions of temperature and salinity are shown in a 
cross section from South Wolf Island off the coast of Labrador to Cape 
Farewell on Greenland and in a longitudinal section between latitudes 
78°N and SS^N. The locations of the sections are indicated on the small 
inset map. 

The cross section from Labrador to Greenland shows a distribution of 
temperature and salinity having considerable similarity to the distribution 
found in the Norwegian Sea. On the continental shdlf off Labrador (to 
the left in the figure) is found water of a temperature which is mostly 
below O^C and of salinity less than 34.00 Voo, the lowest values being 
less than 30.00 ®/oo. This water, wMch flows south, corresponds in its 
character to the waters of the Bast Gr^nland Current. The greater part 
of the section shows water of a uniform temperature which, except for a 
surface layer showing the effect of seasonal heating, is between 4” and 
1.7®, by far the greater part of the water having a temperature between 
3.6® and 3.0®. The salinity lies between 34.86 ®/oo and 34,94 ®/oo, the 
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hi^iesft saHnity being found in the deep water at some distance from ihe 
b(^t(»n. At the surface the salinity is about 34.60 Vooi but the seasonal 
variations are great and higher values may be found in other seasons of 
the year. The uniform deep and bottom water of the Labrador Sea 
omrresponds to the uniform deep water of the Norwegian Sea, but has a 
hi|d>^ temperature, 3° as against —1°, and in part it has a somewhat 
hiid^r salinity. Two different water masses are present off the coast of 
Greenland. Beyond the slope is a body of Atlantic water of salinity 
hiid^er than 34.95 Vos, with maximum values above 35.00 Voo and wilb 
temperatures higher than 4° and up to 6°. This '^KMiy of water corre- 
sponds to the Atlantic water within the Norwegian Current. Close to 
the Greenland coast is water of a salinity between 34.00 Voo and 31.00 Voo 
and of a temperature, in summer, about 2°. This represents water of the 
East Greenland Current, which bends north around Cape Farewell and 
is mixed with the Atlantic water; continuing the comparison with the 
Norwegian Sea, it corresponds to the Norwegian coastal water. 

The longitudinal section which has been constructed along the center 
line of Baffin Bay and Labrador Sea demonstrates, in the first place, the 
uniform character of the waters of the central part of the Labrador Sea. 
In the second place, the section shows that the water in the Baffin basin 
represents a mixture of Labrador Sea water and surface water which has 
been greatly diluted by excess precipitation. The low temperatflres 
near the bottom indicate an admixture of surface water the salinity of 
which has been increased in winter by the freezing of ice. 

The processes of cooling and of mixing which go on in the Labrador 
Sea are comparable to those in the N’orwegian Sea. The 'large body of 
relatively uniform water in the central part of the Labrador Sea is formed 
by mixing of the two essentially different types of water, the Atlantic 
water and the Arctic water. In certain areas the mixed water at the 
surface will have a salinity in the neighborhood of 34.90 Voo and, when 
cooled in winter to a temperature of 3° or lower, will sink and renew the 
deep and bottom water. That is, formation of deep and bottom water 
takes place in winter by vertical convection currents in the manner which 
was first described by Nansen when discussing the fonhatitm of the 
bottom water in the Norwegian Sea. The fact that the de(^ and bottom 
water has an oxygen content between‘6.0 ml/L and 6.5 ml/L Strongly 
supports the concept that this water is formed by vertical convection 
currents and is being renewed every winter. 

In the Baffin basin entirely different conditions are encountered. 
ITie temperature' and salinity of the bottom water in this basin indicate, 
as already stated, that here the bottom water represents a mixture of 
Labrador Sea deep water and surface water of the Baffin Bay re|d<>n, the 
saUnity of which has been ii^ereased sufficiently by freezing to cause the 
water to rink. It is probsUe that this sinking of cdd surface water is 
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a slow and internuttent process, because the oxygen cont^t of Wife bottom 
water is as low as 3.6 ml/L. It is interest to observe that the processes 
by means of which the bottom water of the BafiSn basin is renewed are 
similar to those titat take place in the Weddell Sea area, except that there 
sinkmg of water which b cooled on the continental shelf takes place more 
frequently, as is demonstrated by the higher oxygen content of the 
bottom water. A T-S curve from the central portion of the Baffin basin 
has a form similar to that of a T-S curve from the Weddell Sea, as should 
be expected if processes of similar character operate. 

The surface currents of the Labrador Sea, which have been bii^y 
mentioned, are shown in fig. 

182, prepared by means of the 
charts Smith et ol (1937) 
and of Kiilerich (1939). These 
representations are the results 
of calculations based on the dis- 
tribution of density. The 
outstanding features are the 
West Greenland Current that 
flows north along the west 
coast of Greenland and the 
Labrador Current that flows 
south off the coast of Labrador. 

Part of the West Greenland 
Current turns around when 
approaching Davis Strait and 
joins the Labrador Current, 
whereas part continues into 
Baffin Bay, where it rapidly 
loses its character as a warm 
current. Along the west side F*g- 183. Schematic representation of the 
of Baffin Bay the Arctic watere 

flow south, having been partly reinforced by currents carrying 
Arctic water through the sounds between the islands to the west 
of Greenland. The central areas of the Labrador Sea and Baffin Bay 
both appear as areas in which numerous eddies occur, but nothing is 
known as to the permanency of the details shown in the picture. The 
similarity between the Labrador Sea and the Norwegian Sea is ag^n 
striking, but it should be emphasiaed that, whereas the Norwegian Sea 
is in communication with the Atlantic Ocean in the upper 600 m only, so 
that the deep water is shut off, the Labrador Sea is in co mm u ni cation with 
the Atlantic at all depths and the deep water can fredy flow to the south. 

Acomrding to Smith et ol (1937) the inflow in the LabradcH* Sea amounts 
to 7.5 millimi m^/eee and the outflow along tiie coast of Labrador amounts 
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to 6.6 miiUon mVsec, both values referring to flow above a depth of 
1600 m. From these figures Smith et al conclude that approximately 
1.9 million m sink and flow out from the Labrador Sea as deep water. 
This conclusion can be further examined by means of the available cross 
sections from Labrador to Greenland through which the net flow must 
be zero. The Godthaab section (Kiilerich, 1030) indicates, in August, 
1928, an inflow of deep water amounting to about 0.6 miUion mVsec, 
whereas the General Greene section in August, 1035, indicates an otUflow 
of deep water of 3.6 million mVsuc, the outflow taking place below a 
depth of 1000 m. The discrepancy between the insults from the two 
sections shows perhaps that the outflow of deep water is an intermittent 
process. If this is true the greater emphasis should be given to the 
above values calculated by Smith et al, which are based upon observations 
from a number of years and according to which the average outflow of 
deep water from the Labrador Sea is about 2 million m*/sec. This flow 
to the south has important bearing on the entire deep-sea circulation of 
the Atlantic Ocean, as will be shown later on. 

Ice and Icebergs in the Arctic. The Polar Sea with its adjacent 
seas, the western portion of the Norwegian Sea, Baffin Bay, and the 
western portion of the Labrador Sea are covered by sea ice during the 
greater part of the year, whereas, under the influence of the warm Atlaj^tic 
water, the west coast of Norway is always ice-free except for occasional 
freezing over of the inner parts of fjords. 

The Arctic pack ice that covers most areas is more broken and piled 
up than the Antarctic pack ice (p. 6^). Large, flat ice floes are rare, 
but fields of hummocked ice and pressure ridges rising up to five or six 
meters above the general level of the ice are frequently found. The 
broken-up and rugged appearance of the Arctic pack ice is ascribed to 
the action of the wind in conjunction with the restricted freedom of 
motion of the ice owing to land barriers on all sides. 

The wind drift of the ice has been discussed by Nansen (1902) and 
Sverdrup (1928), who found that the direction of the drift deviated, on 
an average, 28® and 33®, respectively, from the direction of the wind, 
instead of 45® as required by Ekman^s theory of wind currents. The 
discrepancy is due to the resistance against motion offered by the ice 
itself (Sverdrup, 1928, Rossby and Montgomery, 1936) and because this 
resistance is greatest at the end of the winter when the ice is most closely 
packed, the deviation of the ice drift from the wind direction is smallest 
at that time of the year. Similarly the wind factor, that is, the ratio 
between the velocity of the ice drift and the wind velocity, is smaller at 
the end of the winter than in summer, varying between 1.4 X lO** in 
April to 2A X 10““* in September. 

Under the influence of variable winds the ice is, in all seasons the 
year, tom apart in some localities, where lanes of open water are formed. 
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and is packed togeth^ in others. In mnter the lanes are rapidly covered 
by young ice, which in a week or less may reach a thickness of 50 cm; but 
from the end ci June to the middle of August no freesing takes plaoe, 
because over the entire Polar Sea the air temperature remains at sero 
degrees or a little above zero. Where lanes are formed, the ice always 
breaks ^ong a jagged line, and when the ice fields move apart they also 
are displaced laterally. In summer such lanes remain ice>free. When 
they close, as the ice is packed together, the two sides of the lane do not 
fit; comers meet corners, and between the comers openings of different 
shapes remain, many of them several hundred meters long. In summer 
the Arctic ice fields are therefore not continuous, but are honeycombed 
to such an extent that from no point can one advance as much as 10 km 
in any direction without striking a large opening in the ice. This 
characteristic makes possible the use of a submarine for exploration of the 
Polar Sea, as advocated by Sir Hubert Wilkins. 

In winter the average thickness of the Arctic pack ice is probably 
3 to 4 m and in summer 2 to 3 m, but under pressure ridges and great 
hummocks the thickness is greater. Hummocked ice is often found 
stranded where the depth is 8 to 9 m, and in exceptional localities where 
strong tidal currents prevail, masses of piled-up ice have been found 
stranded where the depth was 20 m. 

The ice passes through a regular annual cycle. In summer melting 
takes place during 2 to 3 months, and on an average the upper 1 m of the 
ice melts. In winter ice forms on the underside of the floes, but the 
thicker the ice the slower the freezing. The average thickness of the ice 
depends mainly upon the rapidity of melting in summer and freezing in 
winter, and is therefore determined by climatic factors. Near shore, 
river water and warm offshore winds facUitate melting and the develop- 
ment of navigable lanes of open water along the coasts. In recent years 
the U.S.S.R. has been able to take advantage of such lanes along the 
north coast of Siberia for establishing shipping connections with the large 
Siberian rivers. Aerial surveys of ice conditions have preceded the 
operations and ice breakers have been used where necessary. 

Within the greater part of the Polar Sea the ice is moving miunly 
under the action of the winds, but it is also carried slowly by currents 
toward the opening between Spitsbergen and Greenland. The speed of 
the current increases when approaching the opening, and great masses 
of ice are carried swiftly south by the East Greenland Current. Since 
1894 detailed information as to the extent of the sea ice in the Norwegian 
Sea and in the Barents Sea has been annually compiled rmd published by 
the Danish Meteorological Institute. 

The icebergs in the Arctic oripnate from i^aciers, parricularly on 
Northern Land, Franz Josef Land, Spitsbergen, and Greenland. No 
icebergs are encountered in the Polar Sea except near Northern Land, 
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Fraax Josef Land, mid Spitsbergen because the.Qieenland glaciers do no^ 
tennina/te in the Polar Sea. The glaciers on Ure first tiiree islands are 
small and produce only small icebergs. By far the greater number, and 
all hu*ge icebergs, originate from the Greenland glaciers and are carried 
south by the East Greenland and Labrador Currents. These icebergs are 
generally of irregular shape because the Greenland glaciers do not form 
thick shelf ice comparable to that of the Antarctic, but terminate injfjords 
where piece after piece breaks off as the glacier advances. Some fjords 
are closed by shallow sills on which the bergs strand. . 

Many of the icebergs carried south by the East 'ipreenland Current 
disintegrate before they reach Cape Farewell, the southern cape of Green- 
land, but others are carried around the south end of Greenland and 
continue to the north along the west coast. They are joined by other 
icebergs from the West Greenland glaciers and together with these are 
finally carried south by the Labrador Current. The icebergs reach 
farthest south off the Grand Banks of Newfoundland in the months from 
March to June or July, when they represent a serious menace to shipping. 
After the Titanic disaster in 1912, the International Ice Patrol was 
established in order to safeguard the shipping by reporting icebergs and 
predicting their probable course. The ice patrol is conducted by the 
United States Coast Guard, the publications of which contain a large 
amount of information as to the number, distribution, and drift of i(^ 
berp in the region of the Grand Banks. Prediction of the ice drift has 
been based successfully on currents computed from the distribution of 
density as observed on cruises during edfich several lines of oceanographic 
stations have been occupied in about two weeks. This work of the Coast 
Guard is the outstanding example of practical application of the methods 
for computing ocean currents (p. 453). 

The North Atlantic Ocean 

Watsb Masses or the Nokth Atlantic Ocean. The character of 
the wttter masses in the North Atlantic Ocean is illustrated in the T~S 
diagram in fig. 183. Ten stations scattered over the North Atlantic 
have been selected, the locations of which are shown in the inset map. 
Observations from the upper 100 m have been omitted. All stations are 
located at such distances from the coast that- local waters are not 
conmdered. 

The striking features of the presentation are that in the North Atlantic 
Ocean one has to deal principally with two typical water masses: the 
North Atlantic Central Water, characterised by a nearly straight TS 
curve between the points T — 8®, S * 35.10 ®/oo, and T =» 19®, S * 
36.70 */eo; and a deep and bottom water, which is characterised by tem- 
peratures between 3.5® and 2.2®, and salinities between 34.97 ®/m and 
34.90 Vm. Between these two typical water masses are found other 
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water maases, moat of whieh have not been fonaed in the North AtianUc 
Ocean but which exerciae a conaidoralde influence upcm the diatributiim 
of temperature and salinity at imd>depth8. 

The North Atlantic Central Water evidently spreads over a very large 
area, because it is typically present at all stations shown in- the map 
except at station G 1990 to the south of Cape Farewell on Greenland, 
and at station A 1176 in latitude 6°60'N. At station AH 14a, to the 



Fig. 183. Temperature-Balinity relation in the North Atlantic Ocean. The 
depths of the shallowest values are indicated. LargS squares represent winter surface 
vsiues in the northwestern Atlantic. Inset map shows location of stations. Abbrena- 
tiona: A — AUantia, AH » Armatur Haruen, G Omeral Ortene, M Meteor, 
N.A, r North Atlantic Central Region, M.W. » Mediterranean Water. 

south of Iceland, North Atlantic Central Water is found althou^ no 
water occurs of a temperature above 9°. 'X|^re is a remarkable agree- 
ment between the upper water at such widely separated stations as 
AH 58 to the west of the Bay of Biscay and A 1226 in the Gulf Stream 
region to the east of Cape Hatteras. At station A 1175 water of a 
different character is present, namely upper water which oripnates in the 
South Atlantic Ocean and has been carried across the Equator, but this 
water does not appear tO exercise any great influence on the large body 
of North Atlantic water. The water at station G 1990 to the south of 
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Cape Farewell correepoads %o the subantaretiic water, but the subarctic 
water in the NorUi Atlantic is evidently confined to a small region. 

At intermediate depths, three other types can be pointed out. At 
station A 1175 Antarctic Intermediate Water is present which has its 
origin in the South Atlantic Ocean. Upon entering the North Atlantic, 
this water mixes with the North Atlantic masses and appears to exercise 
an influence on water which has a vt of approximately 27.4. Another 
type of intermediate water is present at the two northern stations and 
is characterized by a salinity of about 34.88 Voo ^d a temperature of 
3.5”. This water represents the corresponding Arctic Intermediate 
Water which, however, is formed in small quantities only and exercises a 
very limited influence outside of the region where it originates. 

At three of the stations in the eastern Atlantic, AH 43, AH 68, and 
M 272, high salinities are found at intermediate depths. These high 
salinities result from the spreading out of Mediterranean water which, 
off the Strait of Gibraltar, according to Wtist (1935), has a temperature 
of 11.9”, a salinity of 36.50 Voo, and a at of 27.78. The Mediterranean 
water, as defined by these values, is indicated in the figure by the point 
marked MW. The form of the T-S curves clearly indicates that this 
water spreads in the Atlantic Ocean between the 27.6 and 27.8 v, surfaces. 
Here again one haeto deal with a type of water which has not been formed 
in the open North Atlantic Ocean but in one of the adjacent seas and 
which shows up over large areas, as clearly demonstrated by Wtist’s 
charts. 

The deep and bottom waters are'pf a remarkably uniform character 
all over the Atlantic Ocean, as is evident from the excellent agreement 
between values of temperature and salinity which have been determined 
in different regions by different expeditions. The deep water has its 
origin in the most northern part of the North Atlantic Ocean, but the 
bottom water is probably somewhat mixed with bottom water of antarctic 
origin. We shall return to that question when discussing the deep-water 
circulation. 

The large bod}' of North Atlantic Central Water must have been 
formed in the North Atlantic Ocean. Iselin (1939) has shown that this 
water has probably attained its characteristic temperatures and salinity 
when in contact with the atmosphere. Making use of Bdhnecke’s (1936) 
charts of surface salinity and surface temperature of the North Atlantic 
Ocean in late winter, Iselin plotted temperature-salinity values from the 
surface in a diagram, together with typical T-S curves in mid-ocean. 
These surface values, which represent the characteristic T-S relation 
in a horizontal direction, neariy coincide with the vertical T-S curves, 
and by selecting other corresponding values at the surface one could 
obtain complete coincidence. This agreement supports the conclusion 
that the central water mass is formed by sinking oi surface water and 
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lateral mi^g, but, as ^plained on p. 146, vertical mining may also 
have contributed to the devdopment of the water mass. The sprawl of the 
T-8 curves which appear in fig. 183 can be accounted for by assuming that 
the sinking of surface water took place in different areas where waters of 
the same density but of slightly different temperatures and salinities 
occurred, or took place in different years. Some of the differences are 
regional and can be used with advantage in detailed study of the mixing 
of water masses. 

The thickness of the North Atlantic Central Water is closely related 
to the character of the currents in the North Atlantic Ocean. Within 
a region of a strong current the thickness will be great on the right-hand 
side of the current and small on the left-hand side, according to the general 
rule that in the Northern Hemisphere light water is present on the right- 
hand side of a current. 

The Currents op the North Atlantic Ocean. The system of 
currents in the North Atlantic (chart VII) is dominated by the North 
Equatorial Current to the south and the Gulf Stream system to the north. 
The North Equatorial Current flows from east to west in the trade-wind 
region and is fed by the southeasterly currents off the west coast of North 
Africa. Corresponding to flow from the northwest, water of relatively 
high density and low temperature is found off the African coast, as is 
evident from the charts of surface temperatures (charts II and III). 
The temperature close to the coast is also lowered by upwelling from 
moderate depths due to the action of prevailing northwesterly winds, but 
this upwelling does not exercise influence as widespread as does the 
corresponding upwelling off the coasts of southwest Africa or, particu- 
larly, as does that off the west coasts of North and South America. 
Details as to the upwelling off northwest Africa arc still lacking, but the 
results of the work of the Meteor in these waters in 1937 (Defant, 1937a) 
can be expected to give much interesting information. 

The wide North Equatorial Current runs, as already stated, from 
east to west, but does not follow an absolutdy straight course. Schu- 
macher (1940) points out that north of 15^N, on most of the monthly 
charts of the surface currents of the North Atlantic Ocean which he has 
prepared by means of ships’ observations, the North Equatorial Current 
bends to the north (to the right) when approaching the mid-Atlantic 
Ridge and to the south (to the left) after having passed the ridge. 
Schumacher also draws attention to the fact that on Defant’s chart 
(1936b) of “average currents in the upper layers as derived from the 
inclination of the discontinuity layer in the troposphere,” these bends 
ate much more conspicuous and that they t^ipear reduced at tiie surface, 
probably owing to the supmimposed pure wind drift. The maximum 
deflection to the north occurs directly above the mid- Atlantic Ridge and 
it seems therefore that the bends are due to the crossing of the ridge. 



672 THE WATBl MASSES AND CURRENTS OF THE OCEANS 


aithoujj^ the latter lies more than 3000 m below the sea surface. The 
character <4 the deftection is not in agreement with Ekman’s theory ci 
the influence of the bottom configuration, but it is in agreement with the 
type of deflection which would be expected if a deep relative current 
flows over a ridge (p. 466). The observations suggest, therefore, that in 
most months of the year the east-west flow of the North Equatorial 
Current north of 15°N comprises water masses between the surface and a 
depth of more than 3000 m, and that the influence of the ridge upon the 
distribution of density extends through all these layers, but the question 
requires further examination. 'k 

In the western part of the Atlantic Ocean the North Equatorial 
Current joins the branch of the South Equatorial Current which has 
crossed the Equator and which, according to fig. 183, p. 669, carries 
characteristically different water masses. Mixing takes place between 
these water masses and the corresponding North Atlantic water, and the 
waters in the Caribbean Sea are therefore intermediate in character 
(table 77, p. 639). Thus, the part of the North Equatorial Current which 
continues into the Caribbean Sea carries water which is mixed with water 
of South Atlantic origin, whereas the northern branch of the North 
Equatorial Current which flows along the northern side of the Great 
Antilles as the Antilles Current carries water which is identical with that 
of the Sargasso Sea. 

The North Equatorial Current terminates in the current through 
the Yucatan Channel and the Antilles Current. The continuation of 
these currents represents the b^nning'^f the Gulf Stream system which 
dominates the circulation of a great part of the North Atlantic Ocean. 
Following the nomenclature of Iselin (1936), the term “Gulf Stream 
System” is used to include the whole northward and eastward flow 
beginning at the Straits of Florida and including the various branches 
and whirls found in the eastern North Atlantic that can be traced back 
to the region south of the Newfoundland Banks. This system can be 
subdivided into the three following parts: 

1. The Florida Current. The northward-moving water from the 
Straits of Florida to a point off Cape Hatteras where the current ceases 
to follow the continental slope. The Florida Current can be traced 
directly back to the Yucatan Channel, as explained on p. 642, because the 
greater part of the water flowing through this strait continues on the 
shortest route to the Straits of Florida and a small amount only sweeps 
into the Gulf of Mexico, later to join the Florida Current. After having 
passed the Straits of Florida the current is reinforced by the Antilles 
Current, but the name “Florida Current” is retained as far as to Cape 
Hatteras. 

2. The Gtilf Stream. The mid-sector the system, from the region 
where the current first leaves the continental dope off Cape Hatteras to 
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the region to the east of the Grand Bulks in about long. 45^W u^iere tihe 
stream begins to fork. This appU^tion of the name “Gulf StieMn*' 
represents a restriction the popular term, but such a restriction is 
necessary in order to introduce clear definitions. 

3. The North Atlantic CXtrrent. The name is used as a general term 
covering all the easterly and northerly currents of the North Atlantic 
from the region to the east of the Grand Banks where the Gulf Stream 
divides. The branches of the North Atlantic Current are often masked 
by shallow and variable wind-drift surface movements, which have 
become commonly known as the North Atlantic Drift. 

The terminal branches of the Gulf Stream System are not all well 
known, but among the major ones are the Irminger Current, which flows 
towards the west to the south of Iceland, and the Norwegian Current, 
which enters the Norwegian Sea across the Wyville Thomson Ridge and 
can be traced ultimately into the Polar Sea (p. 661). Other more irreg- 
ular branches which turn to the south have been examined by Helland- 
Hansen and Nansen (1926), who find that they terminate in great whirls 
off the European coast. 

The Florida Current. The energy of the Florida Current appears 
to be derived directly from the difference in sea level between the Gulf 
of Mexico and the adjacent Atlantic coast, the observed difference 
between Cedar Keys and St. Augustine being 19 cm. (p. 642). Assuming 
that this hydrostatic head accounts for all of the energy, and assuming 
frictionless flow, Montgomery (1938) finds that the velocity through the 
Straits of Florida should be 193 cm/sec, which is somewhat higher than 
the average velocity at the center of the current. The difference in level 
is probably maintained by the trade winds, and the energy of the Florida 
Current is therefore derived from the circulation of the atmosphere. 

Within the current flowing through the Straits of Florida, the dis- 
tribution of density must adjust itself in the usual manner; that is, the 
lighter water must be found on the right-hand side of the current and 
the denser water on the left-hand side, and the sea surface, instead of 
coinciding with a level surface, must accordingly rise towards the right- 
hand side of the current. In the case of the Florida Current this rise 
amounts to about 45 cm, sea level at the coast of Cuba being about 45 cm 
higher than at the American mainland (Dietrich, 1936). 

The character of the currents in the Straits of Florida was established 
by the outstanding measurements made in the years 1885 to 1889, by 
the United States Coast and Geodetic Survey from the survey vessel, 
Blake, commanded by J. E. Pillsbury. Pillsbury's observations of 
currents, carried out from a vessel anchored in deep water in a swift 
stream, are among the classical data in physical oceanography, not so 
much because they give complete information as to the average currents, 
but mainly because they made possible a convincing demonstration of the 
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oorrect&ess cS the later methods used for computing relative currents 
(Wfist, 1924). The uppw iight4iand graph in fig. 184 shows the observed 
average velocity distoibution in a section through the narrowest part oS 
the Straits of Florida between Fowey Rocks, south of Miami, Florida, 
and Gun Cay, south of Bimini Islands, as plotted by Wiist from Pills* 





Fig. 184. L^t: Observed temperatures and salinities in the Straits of Florida. 
Bight: VdociUes of the current through the Straits according to direct measurements 
and according to computations based on the distributions of temperature and salinity 
(after Wiist). 

bury's data. To the left are shown the corresponding distributions of 
temperature and salinity as represented by Wtist on the basis of tempera* 
ture measurements made by Bartlett from on board the Blake in 1878 
and published by Agassiz in 1888, and on the basis of temperature and 
salinity observations from on board the Coast and Geodetic Survey vessel 
Roche in 1914. Wtkst has, by means of these data, computed the velocity 
distribution shown in the lower ri^t>hand graph in fig. 184, which is in 
remarkable agreement with the observed one. In order to arrive at 
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absolute ralues of the vdocity, Wtlst had to assume a known velodl^ at 
some depth; on the basis the distribution of temperature and sidinHy 
he assumed an inclined surface of no motion at some distance from the 
bottom, as shown by the curves marked 0. This curve nearly coincides 
with the curve of zero velocity as derived from Pillsbury’b measuremmits. 
A complete correspondence is thus found between observed and computed 
currents; this single example, therefore, has greatly contributed to 
increasing confidence in the correctness of computed relative currents in 
general. 

On the basis of measurements and computations Wiist finds that the 
average transport of water through the Straits of Florida is 26 million 
m*/sec. The transport probably shows an annual variation and may 
differ from year to year, but so far little is knovm about such fluctuations 
(Montgomery, 1938, 1941, Iselin, 1940). 

In its further course the Florida Current closely follows the continental 
slope, flowing most swiftly directly along the slope. The shallow coastal 
waters to the left of the Florida Current remain more or less at rest; often 
the transition from these waters to the blue waters of the Florida Current 
is so abrupt that the border of the Florida Current can be seen as a line 
stretching from horizon to horizon. After emerging from the Straits of 
Florida, the current is soon joined by the Antilles Current which, accord- 
ing to Wiist (1924), carries about 12 million mVsec. Owing to the 
moderate depth to the bottom, the current remains relatively shallow, 
not more than about 800 m deep, and carries no water colder than 6.5** 
until it leaves the Blake Plateau in about lat. SS^N. According to 
Iselin (1936) the current increases steadily in volume by absorption of 
Sargasso Sea water, and as it leaves the Blake Plateau both the depth and 
the volume suddenly increase as a •'esult of the joining in of water of a 
temperature considerably below 8° which comes from the southwestern 
Sargasso Sea. 

The Gulp Stream. The middle portion of the Gulf Stream System, 
for which the name Gulf Stream is retained, continues as a well-defined 
and relatively narrow current which, in contrast to the Florida Current, 
flows at some distance beyond the continental shelf. To the right of 
the current is the Sargasso Sea water, as previously, but to the left are 
now foimd two water masses, the coastal water which covers the shallow 
shelf areas and the slope water which, at temperatures between 4° and 
10®, is very similar to the Gulf Stream, water (iselin, 1936) but at hi^iier 
temperatures is of lower salinity. Within the upper layers of the slope 
water great seasonal variations in temperature and salinity occur and, 
in addition, eddies of Gulf Stream water occasionally intrude. 

The surface velocities of the Gulf Stream are very high, the computed 
values reaching, in lat. 36°N, long. 73®W, more than 120 cm/sec (Iselin, 
1936) and in lat. 38®N, long. 69®W, 140 cm/see (Seiwell, 1939). On the 
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MBomption of no motion at a depth of 200Q m where the isoetmes are 
nearly luHiicmtal, the volume transport of the Gulf Stream off Cheia* 
peake Bay is between 74 and 93 million m*/sec (Dietrich, ^ Isdin, 
, and off Woods Hole it is about 72 million m'/seo (Smwdl, 
If these figures are correct, they indicate that between 38 and 
57 million m*/Bec of Sargasso Sea water and deep water have been added 
to the Florida>Gulf Stream after the Antilles Current, carrying 12 million 
m’/sec, joined the flow of 26 million m '/sec through the Straits of Florida. 
Similarly, between 34 and 53 million m’/soc would have to be discharged 
towards the south from the Gulf Stream between ‘’Chesapeake Bay and 
long. 45*’W, off the “tail" of the Grand Banks where, according to Soule 
(1939) the transport of tho Gulf Stream is somewhat less than 40 million 
mVsec. These conclusions are not supported by observations between 
the line Chesapeake Bay-Bermuda and the Bahamas, or between Ber- 
muda and long. 45°W. The available data indicate that the inflow 
north of the Antilles Current does not exceed 15 to 20 million mVsec 
and between Bermuda and long. 45°W the southward flow of Gulf Stream 
water does not exceed 15 million mVsec. The computed transport can, 
however, be interpreted differently. 

The dynamics of the Florida Current and the Gulf Stream, particularly 
the downstream increase in volume as far as Cape Hatteras, is not clearly 
understood. Rossby has compared the Florida Current an(f its 

continuation, the Gulf Stream, to a wake stream which emerges from 
the Straits of Florida, and has examined the effect on such a stream of 
stresses due to lateral mixing. In a wake .stream in homogeneous water 
the momentum transport remains constant whereas the volume (mass) 
transport increases downstream, the increase being due to inflow from 
the sides. Expanding the theory to a stratified medium, Rossby finds 
that a “compensation current" in the direction of flow must develop 
on the right-hand side of the wake stream, whereas to the left a counter- 
current in the opposite direction must appear, and this picture agrees in 
general with the pattern of the Gulf Stream and its surroundings. 
Another important aspect of the theory is that owing to the lateral 
stresses a transverse circulation should develop, water being absorbed 
from the oceanic areas to the right of the current and discharged into 
the countercurrent to the left. Such a mechanism would account for 
the presence of eddies of Gulf Stream water in the slope current, but 
D^ant and Ekman have warned against immediate 

acceptance of the theory because several of the necessary assumptions 
appear not to be fulfilled. Regardless of whether the theory is confirmed 
or disproven, it has been greatly stimulating, particularly because of its 
^Uphasis on the importance of lateral mixing. In this connection the 
posribility may be mentioned that the developments of the counter- 
current and the transverse circulation may not necessarily be associated 
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with a wake etieam, but may be related to lateral mixing which takee 
place regardless of the character of the current, or to cooling or heating 
when the current flows in a north-nmuth direction. These posnbilities 
should be exunined because countercurrents and transverse circulations 
appear to develop wherever a current flows parallel to a coast (Kuroshio, 
Peru Current, California Current). 

A satisfactory theory of the Gulf Stream must not only account for 
the increase in volume transport in the direction of flow and the fact that 
this increase takes place without evidence oi strong inflow from the 
southeast, but it also must account for another important feature which 


Tabud 81 

AVERAGE SEA LEVEL ALONG THE NORTH AMERICAN EAST COAST 
REFERRED TO SEA LEVEL AT THE COAST OF FLORIDA-GEORGIA 




Sea level (cm) 









Distance 


Locality 




Mean 

along coast 

Slope 



Avers, 

Rappleye, 


(km) 




1927 

1932 




St. Augufltiae, Fla. 
Femandina, Fla. ! 

Brunswick, Ga. ) 

> 

0 

0 

0 

0 

6 X 10-» 

Norfolk, Va 



7 

6 

1000 


Cape May, N.J. i 

Atlantic City, N.J. ! 
Fort Hamilton, N.J.; 



24 

36 X I0-» 

20 

1400 



1 

13 X 10-* 





Boston, Mass. j 

Portland, Me. j 

25 

30 

28 



12 X 10-* 





Halifax, Nova Scotia 




35 

35 

2600 






has been given considerable attention (Dietrich, 1937b) without having 
been explained satisfactorily (Ekman, 1939). Precise leveling along the 
American east coast shows that the mean sea level increases towards 
the north from St. Augustine, Florida, to Halifax, Nova Scotia, the most 
conspicuous increase taking place directly north of Cape Hatteras. 
Table 81 summarizes the results of the precise leveling, according to 
Avers (1927) and Rappleye (1932). In the table the sea level along tixe 
coast has been referred to that on the coast of Florida and southern 
Georgia, values from stations less than 200 km apart having been 
combined as averages. The distances along the coast from Floiidar- 
Geoigia are entered and also the values of the slope of. the SM surface. 
These values are of the same order of magnitude as those derived from 
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data in the Caribbean Sea where Parr (1937) computed a dope of ^e 
sea surface of 17 X 10~* and Sverdrup (1939b) a slope of 12 X 10~'. 

If this upward slope were due to the distribution of mass in the ocean, 
the average density of the Qulf Stream water off the continental shelf 
would have to decrease in the direction of flow and the Gulf Stream 
would have to flow uphill. Dietrich (1937b), however, has shown that 
along the continental slope the distribution of density does not indicate 
any rise of the sea surface if the topography of the surface is referred to 
the oxygen minimum layer, and the same is true if the topography of the 
sea surface is referred to the 2000-decibar surfac^ These conclusions 
are not altered by taking into consideration the sman effect of differences 
in atmospheric pressure. A discrepancy therefore exists between the 
results of precise leveling and the results of what Dietrich calls ocean- 
ographic leveling. It is not surprising that such discrepancies appear 
because, as explmned on p. 407, oceanographic observations can give 
information only as to the topography of the sea surface relative to some 
selected surface in the ocean and information as to the absolute topography 
of the sea surface must be derived from precise leveling along the coasts. 

The question now arises whether it is possible to reconcile the different 
observations and at the same time arrive at transport values which are 
compatible with the distribution of density. The results of precise 
leveling are so accurate that the upward slope of the sea surface north of 
Cape Hatteras must be taken as established. It is also established that 
this slope of the sea surface is not compensated for by the distribution of 
mass, as is the case in the Caribbean S.ea, for which reason it follows that 
the water must actually be piled up against the coast. • The lack of 
compensation is understood if one considers that the piling up takes 
place in the shallow waters along the coast and does not extend to any 
distance beyond the continental slope. However, a transition must exist 
from the region of uncompensated piling up of mass to the region where 
compensation can take place, and it appears reasonable to assume that 
the transition takes place along the edge of the continental shelf. There 
the sea level sinks to the value indicated by the oceanographic data and, 
consequently, a current to the south runs along the continental slope, 
following approximately the absolute contour lines of the surface. A 
current to the south must also flow over the shallow portion of the shelf 
where it flows downhill and where the balance of forces is maintained by 
the effect of friction. 

The transports can be calculated by considering that, owing to the 
piling up of water along the coast, the actual profiles of the isobaric 
surfaces slope downwards from the coast towards the outer part of the 
slope water and then rise because of the distribution of density. If this 
consideration is correct, the computed transport Gulf Stream water 
must come out too high if based on the oceanographic data alone because 
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tibfise g^ve no indication of tiie southward transport of tbs sk^ vatw 
along the continent. 

This reascming can be illustrated by cortain computations based <m 
the AUantit section of April 17-23, 1933, using the stations 1231-1:^6 
which have been used extensively by Iselin and Dietrich. It is assumed 
here that over the shelf the piling up of water leads to the sea level on 
the coast being 10 cm higher, that the same piling up effect is present at 
the border of the continental shelf, and that no effect is found beyond a 
distance of 40 km from the border. Furthermore, it is assumed that 
beyond that distance the 2000-m level is a level of no motion. On the 
basis of such assumptions one arrives at the following figures: 


Transport to the southwest of slope water inside of 

station 1229 19 million m’/soc. 

Transport to the northeast of slope and Gulf Stream 

water outside of station 1229 74 million m’/sec. 

Net transport to the northeast 55 million m’/sec. 


According to this computation the net transport of the Gulf Stream 
is of 55 against 74 million m'/sec if the southward motion of the slope 
water is disregarded. A net transport of about 55 million mVsec is in 
agreement with the previous conclusion (p. 676) that not more than 15 to 
20 million mVsec circulate in the gyral to the ri^t of the Gulf Stream; 
and if the reasoning is correct, another gyral is present on the left-hand 
side within which approximately 20 million mVsec circulate. The slope 
water on the coastal side of the Gulf Stream is essentially of the same 
character as the Gulf Stream water, but has a slightly lower salinity 
owing to admixture with coastal water. The southward motion directly 
off the continental shelf is not associated with high surface velocities 
because one has to deal with a ''slope current," and on the assumptions 
made the velocity of the current is about 10 cm/sec. 

Figure 185 gives a schematic picture of the conditions which have 
been described. The lines provided with arrows represent transport 
lines, each line corresponding to a transport of about 10 million mVsec. 
The two gyrals on both sides of the Gulf Stream are shown and, in addi- 
tion, an eddy is indicated between the slope-water gyral and the Gulf 
Stream where the latter is at a greater distance from the coast. Such 
an eddy, rotating clockwise, has repeatedly been observed to the south 
of Nova Scotia (Iselin, 1936), but the clockwise rotation has been difficult 
to ftTpUin because the eddy was contidered an offshoot of the Gulf 
Stream. The direction of rotation is better understood, on the other 
hand, if the eddy is considered as a part the slope-water gyral. The 
inset diagram shews a profile of the sea surface along the line A-.B. The 
line marked 1 represents the profile which is obtained from oceanographic 
observations and the line marked 2 is the profile which is assumed to 
exist on the b«un* of these observations and the results of i»ecise leveling. 
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It remaim to account for the inling up Uie water massee on the 
contin e ntal shelf. It can be suggested that this piling up is maintained 
by the prevailing winds over a large area of the North Atlantic Ocean. 
Southwesteriy winds over the northern parts of Uie North Atlantic may 
maintain a higher sea level along the norUiem borders of the ocean and, 
consequently, a slope d the sea surface along the eastern and western 



borders. 

Thb North Atlantic 
Ctjbbhnt. The North 
Atlantic^". Current repre- 
sents the continuation of 
the Gulf Stream after it 
leaves the region to the east 
of the “tail” of the Grand 
Banks. Beyond this repon 
the Gulf Stream loses its 
characteristics as a well- 
defined current and divides 
into branches that are often 
separated by countercur- 
rents or eddies. Some of 
the branches turn soufh 
but others continue towards 


Fig. 185. Schematic representation of the 
character of the Gulf Stream, taking results of 
precise levding into account. Intel: Promes of 
the sea surface along the .line A-B. Profile 1 
derived from oceanographic data only; Profile 2, 
from these data and the results of precise leveling. 


the east across the mid- 
Atlantic Ridge, being 
flanked on the northern 
side by waters of the 
Labrador Current that 


have been mixed with Gulf Stream water. 

The contrast between the Gulf Stream and the North Atlantic 
Current to the north of the Azores is illustrated in fig. 186, which shows 
two temperature profiles on the same scale. To the left in the figure are 
shown the isotherms in a vertical section from Chesapeake Bay towards 
Bermuda according to observations at the AUantis stations 1231-1226. 
The Gulf Stream is here concentrated within the narrow band in which 
the isotherms slope steeply downward toward the right. The section 
to the right in the figure runs north-northwest from the Azores to lat. 
48°N and is based on the observations on board the AUair during the 
Intematioiud Gulf Stream Expedition in 1938 (Defant and Helland- 
Hansen, 1939). In this section the isotherms generally slope downward 
toward the south, indicating a flow towards the east, but the slope is not 
uiuform and coimtercurrents or eddies are present between the east- 
flowing branches of the current. In the section is shown the locatimi 
of the AUair cone, discovered during the expedition, which probably 
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represents a submarine volcano riring from depths of about 3500 m 
to 980 m (the section does not cross the cone at its highest point). This 
cone appears to exercise an appreciable influence on the hydrograifldc 
conditions. The effect on the temperature distribution is seen in fig. 186 
and in the salinity distribution a similar disturbance appears even more 
conspicuously. The resulting distribution of density indicates a counts* 
clockwise eddy above the cone, extending to a depth of at least 1500 m. 
The presence of such an eddy, which appears clearly both at the surface 
(Neumann, 1940) and at a depth of about 100 m (Wiist, 1940), is qriite 
in agreement with the considerations as to the effect of bottom topography 
upon relative currents which was set forth on p. 466. 



Fig. 186. Temperature profiles across the Gulf Stream off Chesapeake Bay and 
across the North Atlantic Current to the north of the Azofes. 


The intensive work conducted by the International Gulf Stream Expe- 
dition of 1938 (Defant and Helland-Hansen, 1939) clearly shows the 
complicated details of the oceanographic conditions. Between June 1 
and 22, 1938, tbe German vessel AUair and the Norwegian vessel Armauer 
Hansen occupied 159 stations in an area of less than 100,000 square miles, 
and at one station the AUair anchored and made hourly observations of 
temperature, salinity, and currents at a number of depths between the 
surface and 800 m for a period of 90 hours. The dense network of stations 
showed even greater irregularities than (me might expect. At 600 m, 
for example, the temperature varied between approximately 7” and 13°, 
and differences up to 5° were observed at distances less than 40 miles. 
Some of the ol^rved features may be due to the influence <A the bot- 
tom topography and others may be related to traveling disturbances. 
Regardless of how the features are interpreted, they do show that caution 
has to be exercised when drawing conclusions from a few scattered obser- 
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vstions because such scattered data may not be representative. They 
also show that an intenrive mixing ti^es place in mid-ocean. 

A series of stations which were occupied in 1931 by the Attantia along 
the mid-Atlantic Bidge in long. 30°W demonstrates that in spite of 
irregularities one can distinguish between two major branches of the 
North Atlantic Current. The northern branch flows between lat. 50° 
and 52’’N, at the boundary between the water of the Gulf Stream System 
and the Subarctic Water, and carries water which represents Gulf Stream 
water mixed with waters of the Labrador Current. , The other branch 
flows approximately in lat. 45°N and carries undiluted Gxdf Stream water. 
The northern branch continues mainly towards the east-northeast and 
divides up. Part of the water flows across the Wyville Thomson Ridge 
into the Norwegian Sea (p. 653) and part turns toward the north and 
northwest as the Irminger Current that flows along the southern coast of 
Iceland. A small portion of the water of the Irminger Current bends 
around the west coast of Iceland (fig. 178, p. 652), but the greater amount 
turns soutl) and becomes more or less mixed with the waters of tlie East 
Greenland Current. The detailed work of the Meteor in the area between 
Iceland and southeastern Greenland (Defant, 1936c) indicates that many 
eddies within which this mixing takes place remain in approximately 
the same locality from one year to another, and the position of t])e 
eddies may therefore be related to the configuration of the coast. The 
last traces of the Gulf Stream w’ater continue around Cape Farewell 
where, at some distance from the coast, ;ivater of salinity above 35.00 Voo 
is encountered (fig. 181, p. 663). ^ » 

In the central part of the Irminger Sea, off southern Greenland, mixing 
between the North Atlantic water and the Labrador Sea water leads to 
the formation of Subarctic Water of uniform salinity close to 34.95 “/oo 
and a temperature which from a depth of a few hundred meters and down- 
wards is nearly 3°C. When the surface layers are cooled in winter to 
temperatures below 3°, vertical convection currents develop, reaching 
from the-surface to the bottom and leading to renewal of the deep water. 
Table 82 contains data from two Meteor stations which were occupied in 
early spring and at which nearly uniform water was present. The oxygen 
observations have been included in order to show the high oxygen content 
of the deep water. The intense mixing that takes place in winter in this 
area and in the Labrador Sea (p. 664) must have important bearing on 
the productivity of the subarctic w'aters. 

The branch of the North Atlantic Current that crosses the mid- 
Atlantic Bidge in approximately lat. 45°N turns to the right and con- 
tinues as an irregular flow toward the south between the Azores and Spain, 
sending whirls into the Bay of Biscay. No distinct currents exist in this 
region, as is evident from the discussions of the conditions in the eastern 
North Atlantic by Heiland-Hansen and Nansen (1926), but a diffuse 
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transport of water toward the south takes place. Some of lixis water 
enters the Mediterranean as a surface current and flows out again across 
the sill in the Strait of Gibraltar as water of very hi^ salinity which 
spreads at intermediate depths, and influences conditions of the greater 
part of the North and South Atlantic Oceans (p. 670). The lai^w 
amount of the upper water masses continues toward the south and 
finally joins the North Equatorial Current. 

Table 82 


HYDROGRAPHIC CONDITIONS IN THE IRMINGER SEA IN EARY SPRING 


Depth 

Meteor 121, March 9, 1935 

Lat. 56*37'N, Long. 44*54.6'W 

Meteor 79, March 30, 1933 

Lat. 69‘^88'N. Long, 40®42.6'W 

(m) 












Temp. 

s 


0, 

0. 

Temp. 

S 


0, 

0, 


('C) 

(7«) 

O’* 

(ml/L) 

(%) 

(“C) 

(7..) 


(ml/L) 

(%) 

0 

2.82 

34.87 


7.24 

96 

4.07 

34.96 

27.76 

6.92 

95 

60 

3.01 


27.81 

7.26 

97 

4.07 

34.97 

27.77 

6.99 

96 

100 

3.09 

34.92 

27.82 

7.24 

97 

4.06 

34.96 

27.77 

6.81 

94 

200 

3.17 

34.93 

27.82 

6.70 

90 

3.98 

34.97 

27.77 

6.84 

94 

800 

3.26 

34.96 

27.83 

6.98 

94 

3.76 

34.95 

27.77 

6.60 

00 

1000 

3.20 

34.95 

27.83 


93 

3.33 

34.89 

27.77 

6.64 

80 

1500 

3.17 

34.93 

27.82 

6.99 

94 

3.28 

34.94 

27.82 

6.39 

86 

2000 

3.23 

34.93 

27,82 



2.84 

34.96 

27.88 

6.37 

87 


Trakbfobt. On the basis of the above discussion and numerous 
computations of transports, fig. 187 has been prepared, pving a schematic 
picture of the volume transport of the currents which carry North 
Atlantic Central Water or Subarctic Water. No lines.of equal transport 
are entered hut the different branches of the current system are indicated 
and the approximate volume transport in millions of cubic meters per 
second is stated. The presentation has been derived by computing the 
transport of water of temperature higher than 7° between a number of 
selected stations north of lat. 20**N, and adjusting the figures in order 
to take the continuity of the system into account. To the northwest of 
a line which can be drawn roughly between the Struts of Florida and the 
English Channel it has been assumed that the 2000-decibar surface could 
be taken as a surface of no motion, but to the southeast of that line it has 
been assumed in general that the V isothermal surface was a surface of 
no motion. This treatment was necessary because the condition of con- 
tinuity has to be satisfied and because a reversal of the direction of flow 
appears to take place bdiow the V isothermal surface over large parts df 
the southeastern area. It is not claimed that the picture in fig. 187 is 
accurate in details, but it is believed tiiat it pves an approximately correct 
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idea of the circulation of the upper water within the greater part of the 
Atlantic Ocean. 

The selected surface of no motion has several features in common 
with the corresponding surface which Defant (1941) arrived at by using 
the third method discussed on p. 457, without taking the equation of 
continuity into account. Defant’s results as to the prevailing currents 
differ somewhat, however, from ours, particularly along the north coasts 
of the Antilles where he finds currents toward the southeast dominating, 
whereas according to our analysis the currents ai^ directed toward the 
northwest in agreement with other generally accept results. 



Fig. 187. Transport of Central Water and Subarctic Water in the Atlantic 
Ocean. The lines with arrows indicate the direction of the transport, and the inserted 
numbers indicate the transfiorted volumes in millions of cubic meters per second. 
FliU-drawn lines show warm currents, dashed lines show cold currents. Areas of 
positive temperature anomaly are shaded. 

The representation in fig. 187 shows the Florida Current and the Gulf 
Stream as the only well-defined currents of the Atlantic Ocean. It also 
shows that the greater amount of the waters of the Gulf Stream turns 
south before reaching the Azores and circulates around the Sargasso Sea. 

In the figure the areas are shaded in which the average surface tem- 
perature is higher than the general average for that latitude. The shaded 
portions therefore represent the areas with positive temperature anom- 
ahes as referred to the average temperatures of the Atlantic Ocean, and 
the unshaded portions represent the areas of negative temperature 
anomalies. As should be expected, water which is transported from lower 
to higher latitudes is relatively warm, whereas water which is transported 
from higher to lower latitudes is relatively cold. If the velocity dis- 
tribulaon witlun the (Afferent branches the currents were known it 
would be possible to compute the net unounts <d heat which ate carried 
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tJie oceaa currents across parallels of latitude and also to c<»npute the 
amounts of heat given off or taken up within different areas, but so far 
no such calculations have been attempted. 

Another characteristic of the system of currents is brought out by a 
comparison between the transports and the temperatures off Chesapeake 
Bay and to the north of the Asores (fig. 186). The Qulf Stream off 
Chesapeake Bay transports large volumes of water of temperatures above 
16” but the North Atlantic Current to the north of the Asores carries 
only small amounts of water as warm as 16”. This apparent reduction 
in temperature must be due to the fact that the warmer waters of the 



Fig. 188. Approximate directions of flow of the intermediate water masses of 
the North Atlantic. A.I.W., Arctic Intermediate Water; M.W., Mediterranean 
Water; A.A.I.W., Antarctic Intermediate Water. 


upper layers have been carried south before reaching the Asores, whereas 
the somewhat colder waters at greater depths have continued toward 
the east. If such is the case, the law of the parallel solenoids is not 
fulfilled, owing possibly to cooling in the direction of flow (Parr, 1936). 

As previously mentioned (p. 629), 6 million m’/sec of South Atlantic 
Upper Water enter the North Atlantic Ocean along the coast of South 
America. Correspondingly, 6 million m*/8ec of North Atlantic water 
sink in different localities and return to the South Atlantic as a deep-water 
flow. The three regions where sinking takes place and the amounts of 
water winking from the surface are shown by circles and inserted numbers 
that represent rounded-off values. About 2 million m*/sec nnk outmde 
the Strait of Gibraltar and about the same amount sinks in the Labrador 
Sea. Both of these values are based on fairly accurate data (pp. 647 
and 666), wherefore it follows that a similar amount sinks in the third 
repon within which bottom and deep water is being renewed, namely 
tlm reipon to the southeast of southern Greenland. 
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Tlie direction cS flow of the different types of intermediate waters of 
lower tanperatore does not always coincide with the direction of flow of 
the upper water. On the basis of the character of the water and the 
results djmamic calculations, fig. 188 has been prepared, ^ving a tenta- 
tive picture of the spreading of the Arctic Intermediate Water, the 
Meditmanean and the Antarctic Intermediate Water. The Arctic Inter- 
mediate Water is present in the northern region only. The Mediter- 
ranean water partly bends north before turning west and partly spreads 
directly toward the west. Some of this water turns ([|puth and continues 
across the Equator below the Antarctic Intermediate Water, as indicated 
by the crossing of the lines of flow. The Antarctic Intermediate Water 
enters the North Atlantic Ocean along the coast of South America. One 
branch bends toward the east and south, returning across the Equator, 
and two other branches continue, one into the Caribbean Sea and the 
other along the north side of the Antilles. Mixing takes place between 
the different types of water and the actual pattern of flow or spreading 
out is therefore far more complicated than is shown. For details it is 
necessary to refer to the discussions by Wfist (1935) and Iselin (1936). 

OxTOBN DiSTBDtrrioN. The general character of the distribution 
of oxygen in the North Atlantic is evident from fig. 43, p. 210 and fig. 210, 
p. 748. The upper layers are rich in oxygen, but at depths between 5QP 
and 900 m an oxygen minimum layer is present except in the northern 
parts of the ocean. In the minimum layer the lowest values are found in 
lat. 15“S to 16®N, where on the eastern side of the ocean (showm in 
fig. 43) values below 1.0 ml/L are observed as compared to minimum 
values of about 3.0 ml/L on the western side (fig. 210). To the north 
of 30“N the contrast between the two sides of the ocean is reversed and 
the lowest values are found on the western side, although they do not 
drop much below 4.0 ml/L. 

Below the oxygen-minimum layer the oxygen content incireases 
rapidly with depth; the deep water of the North Atlantic contains very 
large amounts of oxygen which decrease somewhat, however, from north 
to south. In the region where the North Atlantic Deep Water is formed, 
the oxygen content is at all depths higher than 6.5 ml/L (see table 82, 
p. 683) and from that area the oxygen content gradually decreases to 
5.5 ml/L at the Equator and less than 5 ml/L in 45°S. In the same dis- 
tance the percentage saturation decreases from about 85 to 75 or 70. 
The southern part of the Weddell Sea is the only other oceanic area in 
which water at depths below 2000 m contains as much oxygen as does the 
deep water of the North Atlantic Ocean. 

Adjacent Seas of the Indian Ocean 

The Red Sea. Before discussing the water masses and currents of 
the Indian Ocean it is of advantage to deal with the one important 
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adjacent sea of the Indian Ocean, the Bed Sea, the waters of which exer- 
cise an influence similar to that of the Mediterranean water in the 
Atlantic, but l^ widespread. 

Extending between lat. 12‘’N and SO^'N, the Red Sea fills a long mid 
narrow badn' which at the northern end is closed except for the com- 
munication through the Suez Canal and at the southern end is separated 
from the Gulf of Aden by a shallow sill. The total length of the Red 
Sea is nearly 1800 km and the width 270 km. Outside the shallow and 
reef-bound coastal waters the general depth is about 700 m, but the bot- 
tom is very irregular and apparently isolated depressions exceeding 
2000 m occur in several places. The sill at the southern entrance of the 
Red Sea lies 140 km inside of the narrow Strait of Bab el Mandeb off 
Hanish Island, ivhere the greatest depth is only about 100 m. The fairly 
complete sonic soundings of the John Murray Expedition have failed to 
reveal any deeper channel (Thompson, 1939b). 

The Red Sea is located in a region which is characterized by such an 
arid climate that evaporation from the water surface greatly exceeds the 
small precipitation. There is no runoff because no rivers enter the Red 
Sea. Along the entire length the prevailing winds blow consistently 
from the north-northwest during half of the year, from May to September, 
but during the other half of the year, October to April, the north-north- 
west winds reach only as far south as 1st. 22® or 21®N, and south of 20®N 
the wind direction is reversed, south-southeast winds dominating. 

The climatic conditions and the prevailing winds determine the 
character of the waters in the Red Sea and the exchange of water between 
the Red Sea and the Gulf of Aden. Owing to the excessive evaporation 
the surface salinity of the water in the northern part of the Red Sea 
reaches values between 40 ®/oo and 41 ®/oo. In summer the temperature 
of the surface water is very high, mostly exceeding 30®, but in winter 
the temperature is decreased, particularly in the northern end where the 
average temperature in February is as low as 18® The lowering of the 
temperature in winter, together with the intense evaporation in that 
season, leads to the formation of deep water that fills the entire basin 
of the Red Sea below the sill depth and has a salinity between 40.5 ®/oo 
and 41.00 ®/oo and a temperature between 21.6® and 22®. The formation 
of this deep water is further facilitated by the character of the currents, 
which is related to the character of the preva^ng winds. According to 
Barlow (1934), who has examined 6100 direct observations of currents, 
averaging them by months for the areas 12® to 20®N and 20® to 28®N, 
the surface current flows toward the north-northwest (into the Red Sea) 
from November to March and to the south-southeast (out of the Red 
Sea) from June to September, with transition stages in April, May, and 
October. During November to March, when the current flows in, the 
velocity is less in the northern half of the sea where the flow b directed 
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agaiiut tli 0 irind thAn it is in the southern half. For this reason a oon- 
VMgoBoe develops which facilitates the formation of the deep water. 
Sup«imposed upon the longitudinal flow are cross currents ^^ch prob- 
ably are due to irr^^ular eddies. Thompson (1939a) points out that the 
prevailing winds must bring about a transverse circulation which, in 
summer when the north-northwest winds prevail, must lead to upwelling 
along the Arabian coast and piling up of surface water along the African 
coast and, in wmter, to a transverse circxilation in the opposite direction 
to the south of lat. 20*N; and he finds this concept confirmed by the 
available observations. Owing to the prevailing Wrrents in the longi- 
tudinal direction a piling up of water must take place in winter at the 
northern end of the Red -Sea and in summer at the southern end, 
because there the Strait of Bab el Mandeb is too narrow and shallow to 
permit a free outflow. 

The oxygen content of the deep water is very low in spite of sinking 
of surface water in winter. According to Thompson, the oxygen content 
shows an annual variation, values higher than 2.0 ml/L being observed 
at the end of the winter, whereas at the end of the summer most values 
were lower than 1 ml/L. Thompson attributes the low oxygen values 
and the annual variation to a very rapid consumption of oxygen, which 
at depths between 350 and 600 m appears to amount toabout2ml/L/year. 
This rate of oxygen consumption is by far the highest which has Seen 
found at such depths, but appears reasonable in view of the very high 
water temperature (about 22‘’C). The observations of the John Murray 
Expedition in September and in April-May both indicate the existence of 
a region of minimum oxygen content in the central portion of the Red 
Sea at depths between 300 and 500 m. Thompson attributes this 
minimum to a vertical rotational movement, which in winter is related 
to the sinking of surface water in the northern part of the Red Sea and 
rising of deep water inside of the sill, but which, in summer, in part 
reverses owing to the piling up of water inside of the sill. 

The exchange of water between the Red Sea and the adjacent parts 
of tbe ocean takes place through the Suez Canal and through the Strait 
of Bab el Mandeb. The exchange through the Suez Canal is of no 
importance to the water and salt budget of the Red Sea but shows some 
interesting details (Wust, 1934). Wtist points out that any flow of 
water through the Suez Canal is greatly complicated by the fact that the 
canal passes through the Bitter Lakes, the bottoms of which consist of 
layers of salt which are gradually being dissolved, thus increasing the 
salinity of the waters in the canal to a concentration above that of 
the Red Sea or Mediterranean Sea waters. In October-December the 
salinity at the surface of the canal above the Great Bitter Lake is as high 
as 50.00 V M and at the bottom it is above 55.00 *’/m. The flow through 
the Sues Canal is mainly determined by three factors: (1) the difference 
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in sea level betwe^ the Red Sea and tiie Mediterranean Sea, (2) the 
prevailing local winds, and (3) the great salinity of the canal voters due 
to the soluticm of tte salt layers cd the Bitter Lakes. The sea level is 
higher at Sues on t^ Bed S^ than at Port Said on the Mediterranean, 
except in July-September, and because Um difference in sea level dom* 
inates, the surface flow is directed from the Bed Sea to the Mediterranean 
in all seasons exc^t in July-September, when it is reversed. The highly 
saline bottom water flows from the Bitter Lakes towards the Mediteiv 
ranean in all seasons, and from July to December an outflow of this water 
towards the Red Sea also takes place. The volumes of water and the 
amount of salt which are transported through the Sues Canal are, how- 
ever, too small to be significant as far as conditions in the Red Sea or the 
Mediterranean are concerned. 

The exchange of water between the Red Sea and tiie Gulf of Aden is 
subject, according to Vercelli (1925) and Thompson (1939b), to a distinct 
annual variation which is related to the change in the direction of the 
prevailing winds in winter and summer. In winter, when south-south- 
east winds blow in through the Strait of Bab el Mandeb, the surface 
layers are carried from the Gulf of Aden into the Red Sea, and at greater 
depths highly saline Red Sea water flows out across the sill. In summer, 
when north-northwest winds prevail, the surface flow is directed out of 
the Red Sea and at some intermediate depths water from the Gulf of 
Aden flows in, having a lower salinity and a lower temperature than the 
outflowing surface water. At still greater depths highly saline Red Sea 
water appears to flow out over the sill, but it is probable that this outflow 
is much reduced as compared to the outflow in winter. On the basis of 
direct measurements of currents at anchor stations, Vercelli found that in 
winter the average inflow amounts to approximately 0.58 million m’/sec, 
whereas the outflow of Red Sea water amounts to approximately 0.48 
million mVsec. No measurements are available for sununer. 

Owing to the complicated character of the water exchange in summer, 
the average salinity of the in- and outflowing water is not known and, 
furthermore, the excess evaporation from the Red Sea is not well deter- 
mined, for which reasons a computation of the exchange of water cannot 
be based on a consideration of the salt balance. Vercelli even thinks it 
possible that more salt is carried in than out and that the salinity of the 
Bed Sea is increasing. He also points out tha^owing to the rapid change 
in salinity through the Strait of Bab el Mandeb, the outflowing tidal 
currents carry water of higher salinity than the inflowing, such that tidal 
currents assist in the transport of salt out of the Red Sea. He concludes 
that in winter the net inflow of 0.1 million m’/sec is nearly twice as great 
as the net loss of water by evaporation, for which reason the water levd 
in the Red Sea mtist roe during winter. According' to Veredli the 
avwage annual evaporation excess from the Red Sea amounts to about 
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3.5 m, the evaporation being consideiably greater in summer than in 
winter; but the Utter conclusion, which is based on consideration of pan 
measurements at shore stations, appears doubtful because the annual 
varUtion of evaporation over an extendve sea surface is entirely different 
from that over land. 

The final result of this discussion is not very conclusive. As far as 
the conditions in the Indian Ocean are concerned, the greatest inter^t is 
attached to the amount of Red Sea water that flows out over the sill and 
spreads at an intermediate depth in a manner simiUr to the spreading of 
the Mediterranean Sea water in the Atlantic ^cean. According to 
Vercelli the amount that flows out in winter is, as already stated, 0.48 
million m*/sec, but in summer the outflow must be considerably smaller. 
The average annual amount is therefore probably between 0.3 and 0.4 
million mVsec, that is, approximately one mxth of the amount which 
flows out through the Strait of Gibraltar. This conclusion is in agreement 
with the fact that, as presently will be shown, the Red Sea water is of less 
importance in the Indian Ocean than is the Mediterranean water in the 
Atlantic Ocean. 

The Persian Gulf is so shallow that any exchange of water betwe^ it 
and the adjacent Gulf of Oman is of small significance. The average 
depth of the Persian Gulf is only 25 m and the maximum depth is about 
90 m. It appears to be filled by water of a nearly uniform salinity of 
about 38.00 Voo and some exchange mxist take place with the waters of the 
Gulf of Oman, but the character of this exchange has not been examined. 

The Indiart Ocean 

Thb Water Masses of the Indian Ocean. Oceanographically, 
the southern limit of the Indian Ocean can be placed in the region of the 
Subtropical Convergence, according to which definition the Indian Ocean 
extends to approximately lat. 40‘’S. The ocean is closed toward the 
north and all the water masses in the upper layers are therefore such as 
are characteristic of the middle latitudes and the equatorial regions. 
No subpolar water mass enters the Indian Ocean. A considerable num> 
ber of oceanographic stations have recently been occupied in the equa- 
torial iueas of the Indian Ocean by the Dana, S^lius, and John Murray 
Expeditions, but as yet most of the data from the two latter are not 
available. The Discovery expeditions have occupied many stations 
along the African east coast and off South Africa, and a few to the south 
and southwest of Australia, but no accurate observations are available 
frmn the entire central and southern part of the Indian Ocean mcccpt a 
few from the Planet Expedition in 1906. Any (tiscustion of the types of 
wpter in the Indian Ocean must therefore be of a preliminary character 
and the classification given here will have to be subject to future 
corrections. 



THE WATBt AAASSES AND CURR&ITS OF THE OCSA^ 691 

Within the surface waters the temp^ture increases rapidly tctwwrd 
the north from the Subtropical Convergeime and, in the equatorial 
regions, it is uniformly high during the greater part of the year, h^woMi 
25** and 29*. In August lower temperatures, down to 22*, are found along 
the southeast coast of Arabia and the east coast of Africa as far south as 
to the Equator, in consequence of the upwelling under the influence of 
the prevailing southwest monsoon. In February lower temperatures are 
similarly found in the Gulf of Oman and the Bay of Bengal in consequence 
of the effect of the northwest monsoon. The salinity of the surface 
waters shows, to the west of Australia, the common subtropical maximum, 
and in the equatorial and northern repons is subject to considerable 
annual variations which are related to the changing monsoons and the 
annual variation in the precipitation (see chart VI). 

At subsurface depths three larger water masses can be shown to exist, 
the Indian Ocean Central Water and the Indian Ocean Equatorial Water, 
both of which extend to moderate depths, and the deep water, present 
below a depth of roughly 2000 m. Transition types are found and, 
furthermore, two types of water spread at mid-depths, the Antarctic 
Intermediate Water and the Red Sea Water. 

In the inset map in fig. 189 are shown the approximate regions in 
which the Central Water mass and the Equatorial Water mass are found. 
Within the area of the Central Water mass seven widely separated 
stations have been selected, as indicated in the figure. The temperature- 
salinity relation at these stations is shown in fig. 189 (left), from which it is 
evident that nearly all the observed temperatures and salinities fall on a 
straight line between the points T = 8®, S = 34.60 Voo, and T = 15*, 
S 35.50 "/oo- A remarkable agreement exists between such widely 
separated stations as Discovery 427 off Port Elizabeth in South Africa 
and B.A.E. 75 (Howard, 1940) to the southwest of Australia, and between 
the latter station and Dona station 3938 to the northwest of Madagascar. 
The deeper values from Dana station 3938 deviate, however, showing 
higher salinities that indicate presence of Red Sea water. Traces of this 
water are also found at Dana station 3960 to the south of Mad^^»car. 
The southern limit of the Central Water mass coincides with the approxi- 
mate location of the Subtropical Convergence. In the r^on of the 
convergence the surface temperature and salinity vary rapidly with 
latitude, and the horizontal T-S relation in that region in certain seasons 
agrees very well with the vertical T-S relati^ between depths of approxi- 
mately 100 m and 800 m within the Central Water mass. It is therefore 
probable that this water mass has b^n formed by sinking at the Sub- 
tropical Convergence. The northern limit of the Central Water mass 
cannot be determined, owing to lack of observations. 

The Equatorial Water of the Indian Ocean is not so well-defined as the 
Central Water, but at most stations to the north the Equator a con- 
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sidMaUe nmiUuity ensts m >tixe T-^ r^tioosh^to Figure 189 
also dwwB tile oorrespouding temperature and saUnity values at siz 
statkna dose to, m north of, the Equator and at two stations to the 
south <xf the Equator. At most ol the northern stations the correspond* 
ing tMnpwatures and sdinities fdl nearly on a straight line between the 
points r « 4", S - 34.90 Vm, and T * 17", S - 35.25 Vw- In the 
figure is also Altered the T-S relation of the Central Water, and it appears 
that at the southern stations water occurs which is interhiediate in char- 
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Fig. 189. Temperature-salinity relations in the Indian Ocean. The depths of 
the shallowest values are indicated. Large squares represent winter surface values 
in the region the subtropical convergence. Inset map shows locations of stations 
used and boundaries of water masses. Abbreviations: Sn, Snellius; D, Dana; Di, 
Dueovery; P, Planet; BAE, B.A.N.Z. Expedition; B.I., Equatorial Indian Ocean; 
S.I.. South Indian Ocean. 

acter between the Equatorial Water and the Central Water. This water 
of intermediate character is particularly conspicuous at the two most 
southern stations, Dana 3849 and Dana 3925, at which similar T-8 rela- 
tions exist below 10". At Dana station 3849, located to the southwest of 
Sumatra, the low-salinity water of temperature hi^r than 10" is prob- 
ably of Pacific orii^, and if a more detailed study were to be made it 
would be necessary to subdivide the regions. At the two northwestern 
stations, SruiUitu 21 and 22 (van Riel, 1932a), Red Sea water is evidently 
present, as seen from the conspicuously hi^ salinities at a depth of 750 m. 
The rou^ division used here corresponds to some extent to the divisions 
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introduced by Lotte MSUer (1929), but several of her subdivirions have 
been combined. 

The spreading of the Bed Sea water in the Indian Ocean is \ '-obaUy 
similar to that of the Mediterranean water in the Atlantic Ocean, but 
owing to lack of data it is impossible to carry out a detailed anal}^ com- 
parable to that of the Mediterranean component made by Whst (1935). 
Repeated observations at the same stations in the Gulf of Aden have 
given very different salinity values, a condition which strongly indicates 
that the outflow is intermittent. A seasonal variation in the outflow 
appears to be well established, but great year-to-year differences may also 
occur and such fluctuations complicate the conditions at greater dis- 
tances. The best idea of the spreading of the Red Sea water is obtained 



Fig. 190. Distribution of temperature and salinity in a vertical section along 
the east coast of Africa. Location of section shown on inset map in fig. 192, (After 
Clowes and Deacon.) 


from a Discovery section parallel to the African east coast, the location 
of which is shown in the inset map, fig. 192 (p. 697). The distributions of 
temperature, salinity, and oxygen in this section have been discussed by 
Clowes and Deacon (1936), from whose paper fig. 190 and fig. 192 have 
been reproduced. Figure 190 shows the Red Sea water penetrating as a 
tongue of water of high salinity, which sinks from a depth of about 500 m 
at station 1588 in lat. 8°N (see fig. 192) to a digpth of about 1250 m south 
of lat. 20°S between southern Madagascar and the mainland. This 
water has a low oxygen content, as is evident from fig. 192. Clowes and 
Deacon draw attention to the fact that the oxygen distribution indicates 
a further penetration of the Red Sea water to the south, such that the last 
traces of this water may possibly be present in lat. 

The Discovery section off the African east coast is the Only longitudinal 
section that can be constructed in the Indian Ocean by means of redinall 
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data. Othar sections have been eonstracted by Lotte MdUer (1929) 
by means of older data, but these are not included here because the 
oripnal data appear to be subject to systematic errors. 
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Fig. 191. Diatribution of temperature and salinity 
in a vertical nearly east-west section in the equatorial 
region of the Indian Ocean. Location of section shown 
by line I on inset map in fig. 189. 

An approximately east-west section in the equatorial regions has been 
constructed by means of Dana observations, using stations along line I 
in fig. 189. The section follows the coasts of Java and Sumatra, crosses 
the Bay of Bengal, and runs in a south-southeasterly direction from 
Ceylon to Cape Delgado on the coast of east Africa in lat. 10*^, lying to 
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the north of the Equator between lon^tudee 66"E and 97^E. Figure 191 
shows the distribution of temperature and salinity in this section, 
bottom topography is roughly indicated, mainly on the basis of the 
soundings made at the different stations. From the temperature section 
it is seen that in the tropical part of the Indian Ocean one finds a strati- 
fication similar to the one encountered in corresponding latitudes of the 
Atlantic Ocean. Below a surface layer of high and relatively uniform 
temperatures, having a tliickness of 75 to 100 m, the temperature 
decreases abruptly, the decrease often exceeding 10° in 50 m. Below 
this layer of rapid decrease the temperature drops more slowly toward the 
deep water, which has a temperature between 3“ and 1.2°. The abrupt 
drop of temperature below the surface layer appears to be particularly 
conspicuous to the north of the Equator. 

The surface salinity is below 35.00 ®/o« except to the west of long. 70°E, 
but a .subsurface salinity maximum is present over a large part of the 
section, the maximum being found near the upper limit of the sharp 
therniocline, as was the case in the Atlantic Ocean. In the Indian Ocean 
this high-salinity surface water appears to come from the Arabian Sea. 

Below the salinity maximum the salinity gradually decreases with 
increasing depth, until the nearly constant value for the deep water of 
about 34.76 Voo is reached between depths of 2500 and 3000 m; but to the 
riglit in the section, low-salinity water is present that probably comes 
from the Pacific Ocean where water of similar characteristics is found 
(p. 707). The Red Sea water is not very conspicuous. To the extreme 
left it is shown by the downward bend of the 34.8 isohaline and by the 
greater distance between the 8° and 7° isotherms. 

In the middle part of the section the equatorial water is present, the 
bulk of which has a temperature below 10° and a salinity less than 
35. 10 V 00 - This water probably contains some admixture of Red Sea water 
but mainly it is formed and maintained by slow processes of mixing 
between the high-salinity water from the Arabian Sea and the deep water; 
the origin of the latter will be discussed when dealing with the deep-water 
circulation of the oceans. 

The Currents of the Indian Ocean. In the southern part of the 
Indian Ocean a great anticyclonic system of currents appears to prevail, 
comparable to the corresponding systems of the South and North Atlantic 
Ocean except that it is subjected to greater'^^ual variations. Between 
South Africa and Australia the current is directed in ^neral from west to 
east. In the southern summer the ciurrent bends north before reaching 
the Australian Continent and is joined by a current which flows from 
the Pacific to the Indian Ocean to the south of Australia. In winter the 
current appears to reach to Australia and in part to continue towards the 
Pacific along the Australian south coast. To the north of 20°S the South 
Equatorial Current flows from east to west, reaching its greatest velocity 
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during the southern winter when the southwest monsoon over the 
northern part of the ocean represents a direct continuation of the south- 
east trade winds on the southern cade of the Equator. In this season the 
current is reinforced by water from the Pacific Ocean, which enters the 
Indian Ocean to the north of Australia, but in the southern summer 
the flow to the north of Australia is reversed. 

In both seasons of the year part of the South Equatorial Ctirrent turns 
south along the east coast of Africa, feeding the strong Agulhas Stream. 
To the south of lat. 30°S the Agulhas Stream is a welljidefined and narrow 
current which extends to a distance from the coast of less than 100 km. 
As is to be expected in a flow towards the south in the Southern Hemi- 
sphere, the coldest water is found inshore and the sea surface rises when 
departing from the coast. Off Port Elizabeth the rise amounts to about 
29 cm in a distance of about 110 km (Dietrich, 1936). To the south of 
South Africa the greater volume of the waters of the Agulhas Stream 
bends sharply to the south and then toward the east, thus returning to 
the Indian Ocean by joining the flow from South Africa toward Australia 
across the southern part of that ocean, but a small portion of the Agulhas 
Stream water appears to continue into the Atlantic Ocean (Dietrich, 
1935). Owing to the reversal of the direction of the main current to the 
south of Africa, numerous eddies develop, resulting in a highly com- 
plicated system of surface currents which probably is subjected to con- 
siderable variations during the year and variations from one year to 
another. 

To the north of lat. lO^S the surface currents of the Indian Ocean, 
which are probably nearly identical with the currents above the tropical 
discontinuity surface, vary greatly from winter to summer owing to the 
different character of the prevailing winds. During February and March 
when the northwe.st monsoon prevails, the North Equatorial Current is 
well developed and an Equatorial Countercurrent is present with its axis 
in approximately 7°S. Along the African east coast between the Gulf 
of Aden and lat. 5°S the current is directed towards the south. In 
August-September when the southwest monsoon blows, the North 
Equatorial Current disappears and is replaced by the Monsoon Current, 
which flows from west to east. Along the coast ctf east Africa the current 
is directed north from lat. 10°S, water of the Equatorial Current crosses 
the Equator, and considerable upwelling takes place off the Somali coast. 
The Equatorial Countercurrent does not appear to be present in this 
season. 

At present nothing is known as to the motion of the water below the 
tropical discontinuity in the northern part of the Indian Ocean. The 
character of the water, together with the very low oxygen values which 
are found to tlie north of the Equator, indicates that no strong currents 
exist and that only a sluggish flow takes place. 
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In the southern part of the Indian Ocean the Antarctic Intermediate 
Water probably flows north, but the flow must be less well-defined than 
the corresponding flow in the South Atlantic Ocean, because in the 
Indian Ocean the Antarctic Intermediate Water loses its typical char- 
acteristics on a shorter distance from the Antarctic Convergence (Sver- 
drup, 1940). The probable flow of the deep water will be discussed 
later on. 

The data from the Indian Ocean are too scanty to permit many 
quantitative calculations as to the amount of water carried by the differ- 
ent branches of the current. The only reliable figure which is available 
is found in Dietrich’s study of the Agulhas Stream, which transports a 



Fig. 192. Distribution of oxygen (ml/L) in a vertical section 
along the east coast of Africa. Location of section shown on 
map. (After Clowes and Deacon.) 


little more tlian 20 million m’/sec. A transport map similar to the one 
for the North Atlantic Ocean cannot be constructed. 

Oxygen Disteibxjtion. The distribution of oxygen in the Indian 
Ocean is not known in detail, but some of the characteristic features can 
be seen from the Discovery and Dana sections in figs. 192 and 193. 
According to the Discovery section along the African east coast the oxygen 
content of the Indian Ocean decreases from the south toward the Equator. 
The Red Sea water is characterized by low oxygen content, but the con- 
tent increases in the direction in which ^e Red Sea water spreads, 
probably due to mixing with the over- and underlying water masses. 
The Antarctic Intermediate Water is relatively high in oxygen and the 
same statement applies to the deep water, in which values ranging from 
4.4 to 3.6 mi/L are observed. To the north of 20°S an intermediate 
minimum of oxygen is present at a depth of approximately 200 m. 
According to the Dana section the oxygen content of the tropical waters 
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decreases atoiptly within the thermocline to an intermediate minimum, 
which at all stations to the north of the Equator is found at a depth of 
about 160 m. The lowest values were observed at Dana station 3912, 
where at 150 m tiie oxygen content was 0.21 ml/L. Below the minimum 
there is a secondary maximum, between 300 and 400 m, which is present 
at all stations except the most easterly, at which water of Pacific origin 
was found. The low oxygen content of the Red Sea water is indicated at 



Fig. J93. Distribution of oxygen (ml/L) in a vertical nearly east-west section in 
the equatorial region of the Indian Ocean. Location of section shown by line I on 
inset map in fig. 189. 


the left in fig. 193 by the form of the 2.0-ml/L curve. The deep water 
has evidently an oxygen content which is lower than that of the deep 
water further south, values below 3.0 ml/L being found at depths greater 
than 3000 m at several stations. 

The South Pacific Ocean 

Wateb Masses of the Sooth PAanc Ocean. Above the deep 
water the water masses of the Pacific Ocean are of more complicated 
character than those of the other oceans. Subantarctic Water is of small 
significance in the Atlantic and Indian Oceans, but the South American 
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Contin^t, owing to its far southward extent, deflects large quantities of 
Subantarctic Water to the north along the west coast of South America, 
such that in the Pacific Ocean this water exercises an influence adiich 
extends beyond the Equator. Similarly, Subarctic Water masses are 
present in large quantities in the North Pacific, where they are carried 
toward the east and toward the south along the coast of North America 
as far as to lat. 25‘’N. Another equally important reason for the differ- 
ence between the Atlantic and the Pacific Ocean is that in the Pacific 



Fig. 194. Temporature-aalinity relations within the Subantarctic Water of 
the South Pacific. The depths of the shallowest values are indicated. Loca- 
tions of stations and boundaries of water masses are shown on the inset map. 
Abbreviatiom: D, Dana; C, Carnegie, Di, Discovery, W.S., William Scoresby, 
SA-A.S.P., Subantarctic South Pacific; W.S.P. Western South Pacific; E.S.P., 
Elastern South Pacific. 


the circulation of the enormous water masses of that ocean is more 
sluggish and an intense mixing of different water masses with develop- 
ment of a uniform body of water over the entire ocean does not take place, 
as it does in the Atlantic Ocean. 

Turning first to the South Pacific Ocean, one finds to the south of 
lat. 40®S the Subantarctic Water mass which, in the upper layers, is 
characterized by a salinity between 34.20 Voo Uud 34.40 Voo and a 
temperature between 4® and 8*. This is evident from the T-S curves in 
fig. 194, according to which the water at Dana station 3642 off New 
Zealand was of the same character as the water at the Diaeovery station 
967 half way between New Zealand and South America. Part of this 
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Subantarctic Water bends to the north along the coast of South America, 
and in course of time the temperature the surface layers is raised 
by heating and the salinity is increased owing to evaporation. Conse- 
quently, the T-S curves bend more and more to the right, as shown in 
the figure, and simultaneously, the salinity minimum of the Antarctic 
Intermediate Water decreases in intensity. Lateral and vertical mixing 
are of importance to the change in the temperature-salinity relationship 
indicated by the curves in fig. 194, but the available data are insufficient 
for a study of the relative importance of the different processes of mixing. 



In the western part of the South Pacific Ocean a water mass is encoun- 
tered that is similar to the Central Water of the Indian Ocean. This is 
evident from fig. 195, in which the corresponding temperature and salinity 
values at a number of Dana stations are entered, together with those 
from Discovery station 898 off Tasmania and Planet station 331 in lat. 
2®S and long. 152“E. A comparison with fig. 188, p. 685, shows that the 
Indian Ocean Central Water and the water in the western Pacific are 
practically identical. 

. The large squares in the figure show the corresponding values of sur- 
face temperatures and salinities in August in lat. 36® to 45®S, long. 150®E 
to 169® W (according to Schott’s charts, 1935). Again a r^on is found 
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on the poleward ride of the water maas within which the hmiamital T-S 
relation agrees with the vertioal T~8 relation of the water mass. 

In the eastern South Pacific the few available data indicate the 
existence of another water mass which has, between temperatures of 
10° and 18°, a salinity nearly 0.50 Voo lower than that of the western 
body of water. The definition of this water mass is mainly based on the 
observations at a number of Carnegie stations, four of which are shown 
in fig. 195. At Dana station 3580, located in 19°S, 163°W, the water is 
intermediate in character between the eastern and western masses, and 
the boundary region between these water masses can therefore be placed 
approximately along the meridian of 165°W. The squares in fig. 195 
(right) show corresponding values of surface temperature and salinity in 
August in lat. 35° to 40°S and long. 150° to 120° W. 

In the South Pacific Ocean we therefore encounter three distinctly 
different upper water masses : the Subantarctic Water mass, which is more 
or less uniform to the south of 40°S and which changes its characteristics 
as it moves north along the coast of South America, and the western and 
the eastern South Pacific Central Water masses, which are separated 
from each other by a region of transition in about 165°W. The eastern 
Central Water mass does not extent north of 10°S but the western may 
extend nearly to the Equator, as indicated by the observations at Planet 
station 331. The existence of two characteristically different central 
water masses indicates that in the South Pacific Ocean the circulation is 
split up in two large cells, the location of which appears to be related to 
the prevailing winds. In the southern winter the atmospheric pressure 
shows two distinct areas of high pressure over the Pacific Ocean, one 
eastern with its center in approximately lat. 28°S and long. 100° W, and 
one western which extends partly over the Pacific Ocean with its center 
over eastern Australia. The surface currents (chart VII), which only in 
part reflect the circulation in the deeper layers, and in part show the 
wind drift of surface water, indicate in most seasons the existence of a 
region of weak and irregular currents in about 160°W which is the 
approximate region where the transition between the two central water 
masses takes place. 

Below the upper water masses Antarctic Intermediate Water is 
present, in the east probably to within 10° to 15° from the Equator, and 
in the west to the Equator. In the South Pacific no salinity maximum 
is found below the intennediate water, but the salinity increases toward 
the bottom or remains constant below a depth of 2500 or 3000 m. 

CuRRBNTS OF THE SouTH PACIFIC OcBAN. The Only major current 
of the South Pacific Ocean which has been examined to some extent is the 
Peru Current. Following the nomenclature proposed by Gunther 
(1936), the name Peru Current will be applied to the entire current 
between the South American Continent and the region of transition 
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to^mds the eastern South Padfio Central region; the part of the current 
which is close to the coast will be called the Peru Coastal Currmt, 
whereas the part which is found at greater disiances will be called the 
Peru Oceanic Current. 

As is evident from the character of the waters (fig. 194), the origin 

the Peru Current has to be sought in the subantarctic region, part of the 
Subantarctic Water which flows towards the east across the Pacific 
Ocean being deflected towards the north when approaching the American 
Continent. The total volume of water in the current does not appear to 
be very great. On the basis of a few Discovery statilpis it is found that 
the transport lies somewhere between 10 and 15 million mVeec, and this 
figure includes transport of the upper water layers and of Antarctic 
Intermediate Water. The western limit of the current appears to be 
diffuse and cannot be well established on the basis of the available data, 
but it is probable that the current extends to about 900 km from the 
coast in 35°S. The northern limits, according to Schott (1931), can be 
placed a little south of the Equator vrhere the flow turns toward the west. 

The current being wide and the transport small, the velocities are 
quite nnall. This must be true particularly in the case of the Peru 
Oceanic Current which, however, is little known. The Peru Coastal 
Current is better known, partly because numerous observations of 
Surface currents and surface temperatures are available off the coasts df 
Peru and Ecuador between the Equator and 10°S, and partly because 
of the extensive examination of the coastal waters which was conducted 
by the R.R.S. William Scoresby in 1931 and which has been discussed in 
detail by Gunther (1936). Within the Peru Coastal Current upwelling 
represents a very conspicuous feature. The upweUing is caused by the 
southerly and south-southeast winds which prevail along the coasts of 
Chile and Peru and carry the warm and light surface waters away from 
the coast, resulting in cold water being drawn from moderate' depths 
toward the surface. On the basis of numerous sections close to the coast, 
Gunther concludes that the upwelling water comes from depths between 
40 and 360 m, the average depth being 133 m. The upwelling therefore 
represents only an overturning of the upper layers and no water from 
greater depths is ever drawn to the surface. 

The process of upwelling will naturally influence the current parallel 
to the coast because the distribution of density is altered, as explained on 
p. 5(X). The William Scoresby observations clearly show that the 
upwelling is an intermittent process, greatly influenced by local winds, 
and that reversal of the wind direction frequently leads to subsidence, 
that is, to re-establishment of the stratification characteristic of the 
undisturbed conditions. 

According to Schott and to Gunther, the most active upwelling occurs 
in certain r^ons separated by regions in which the upwelling is less 
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intense. Both authors recognise four such regions between lat, 3% and 
33"S, but they do not agree on the extent of the different regions, probably 
because the regions are not absolutely fixed or because the locations 
ascribed to the different regions may depend upon the available data. 
Gunther has particularly examined the two northern regions where the 
most intense upwelling occurs in 5®S and 15®S respectively, and has 
shown that the surface temperatures in the winter of 1931 (June to 
August) indicate the existence of two tongues of warm water which 
approach the coast to the south of the regions of intense upwelling. The 
upwelled water, on the other hand, leaves the coast as tongues of cold 
water, and consequently the distribution of surface temperatures shows 
alternate tongues of warm and cold water. Schott’s analysis and other 
observations indicate that the locations of these tongues do not vary 
much from one year to another, and the tongues must therefore be either 
permanent or recurrent. Gunther interprets these tongues as demon- 
stratirg the existence of swirls off the coast, assuming that within one 
branch of the swirl upwelled water moves out and within another branch 
oceanic water moves in toward the coast. 

In early winter, April to June, the shoreward-directed branch of the 
northern swirl is well developed and carries water of high temperature 
in toward the coast in latitudes 9® to 12®S. It may even appear as an 
inshore warm current which brings great destruction to the animal life 
of the coastal waters. In the discussion of the California Current it will 
be shown that during the period of upwelUng this current is similarly 
characterized by a series of swirls on the coastal side of the current, 
whereas from November to February, when there is practically no 
upwelling, a warm countercurrent flows to the north along the coast. 

Close to the coasts of Peru and Chile a subsurface countercurrent 
flows south, as is evident from the section prepared by Gunther, showing 
the distribution of salinity between the surface and a depth of 400 m 
at a distance of approximately 180 km from the coast and between 
lat. 3® and 36®S. The subsurface current appears to orig^ate at the 
equatorial end of the section, where it is present at a depth of less than 
100 m, but sinks gradually when progressing to the south, being found at 
nearly 300 m in lat. 3G°S. The water of this countercurrent is of the 
type which has been called Pacific Equatorial Water (p. 706), as is evi- 
dent from the T-S curves in fig. 194, in which, the data from two stations 
within the countercurrent, stations WS 638 and WS 612, have been 
plotted. To the north of lat. 26®S, where excessive evaporation increases 
the salinity, the salinity of the subsurface countercurrent is lower than 
that of the surface water, whereas to the south of about 25®S the salinity 
of the countercurrent is higher than that of the surface waters. Conse- 
quently, the upwelling brings relatively low-salinity water to the surface 
off the coast of Peru, but relatively hii^-salinity water to the surface off 
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tlw ooast of Oiile. Tha aubsurfaoe oounterourrent has its equivalent 
off the coast of CUifomia 725); therct however, it does not bei^ at the 
Equator but in apprmdmately 26*N. 

At the northern boundary of the Peru Coastal Current certain charac- 
teristic seasonal changes take place. During the northern summer the 
Peru Coastal Curraot extends just beyond the Equator where it converges 
with the Equatorial Countercurrent, the waters of which in summer 
mainly tiun towards the north. In winter this countercurrent is dis- 
placed further to the south and part of the warm but low-salinity water 
of the Countercurrent turns south along the coasts-, of Ecuador, crossing 
the Equator before conver^g with the Peru Coastal Current. The 
warm south-flowing current along the coast is known as £1 Nifio and is a 
regular phenomenon in February and March, but the southern limit 
mostly lies only a few degrees to the south of the Equator. Occasionally, 
major distrurbances occur which appear to be related to changes in the 
atmospheric circulation (Schott, 1931). In disturbed years, such as in 
1891 and in 1925, El Nifio extends far south along the coast of Peru, 
reaching occasionally past Callao in 12°S. According to Schott, the 
duration of £1 Nifio periods in 1925 was as follows: 


Locality 

Latitude 

Dates 

Duratjpn, 

days 

Off Lobitos 

4'20'8 

7‘’40'9 

12‘20'S 

Jan. 20 to April 6 

Jan. 30 to April 2 

March 12 to March 27 

76 

Off Puerto Chicana 

63 

Off Callao 

15 

Off Pisco 

laws 


8 



These figures show that the warm surface waters of the equatorial area 
slowly penetrated to the south, but withdrew much more rapidly, because 
the time interval between the appearance of the warm water off Lobitos 
and off Pisco was 44 days, whereas the time interval between the dis- 
appearance of the warm water at the two localities was only 13 days. 
The surface temperature of the water in March, 1925, was nearly 7* 
above the average, as is evident from the following compilation: 


Locality 

Average temperature 
in March ("C) 

Temperature in 
March, 1925 (‘C) 

Lobitos 

22.2 

27.3 

26.9 

24.8 

22.1 

Puerto Chicana 

20.3 

Callao. 

10.5 

P}0CO 

19.0 
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Details as to the surface salinity are not aviulable, but normally the 
surface salinity between 5*^ and 15^ is above 35.00 Vod> whereas the 
waters of El Nifto have a salinity between 33.00 and 34.00 '/oo- 

The extreme development of El Nifto leads to disastrous catastrophes 
of both oceanographic and meteorological character. The decrease of 
the temperature of El Nino toward the south indicates that the waters 
are mixed with the ordinary cold coastal waters, and during this mixing 
process the organisms in the coastal current, from plankton to fish, are 
destroyed on a wholesale scale. Dead fish later cover the beaches, where 
they decompose and befoul both the air and the coastal waters. So much 
hydrogen sulphide may be released that the paint of ships is blackened, 
a phenomenon known as the “Callao painter.” More serious is the 
loss of food to the guano birds, many of which die of disease or starvation 
or leave their nests, so that the young perish, bringing enormous losses 
to the guano industry. The meteorolo^cal phenomena which accom- 
pany El Nifto are no less severe. Concurrent with a shift in the currents 
a shift of the tropical rain belt to the south takes place. In March, 
1925, the precipitation at Trujillo in 8“S amounted to 395 mm, as com- 
pared to an average precipitation in March of the eight preceding years 
of only 4.4 mm. In 1941 the rainfall was again excessive, but no details 
are available. These terrific downpours naturally cause damaging floods 
and erosion. In the 140 years from 1791 to 1931 twelve years were 
characterized by excessive rainfall at Kura in lat. 5“S and twenty-one 
years by moderate rainfall which was, however, greatly in excess of the 
average. During the remaining nearly one hundred years the rainfall w'as 
close to nil. A greater development of El Nifto is therefore not an 
uncommon phenomenon, but the catastrophic developments appear to 
occur on an average of once in twelve years. The records reveal no 
periodicity because the interval between two disastrous years varies from 
one year to thirty-four years. 

El Nifto is not the only current that brings warm water to the coast of 
Peru with subsequent destruction of the organisms near the coast. High 
temperatures off the coast appear to be an annual occurrence in the 
months of April to June, in about lat. 9“ to 12‘'S, that is, at and to the 
north of Callao. These high temperatures are due, as pointed out by 
Gunther, to the greater development of the warm branch of the northern 
sMurl; the water that api>roaches the coast is ih this case offshore oceanic 
surface water of high temperature and relatively high salinity (p. 703). 
The disastrous effect on the marine organisms is very much milder than 
that of El Nifto, but otherwise similar in character. It may lead to the 
killing of plankton and fish and to the migration of guano birds, but is 
ordinarily observed mainly by reason of a change in .the color of the 
coastal water and development of hydrogen sulphide. Locally, these 
changes are known by the name of agmje, also used synonymously with 
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painter.” The approach the oceanic water toward the coast 
is not accompanied by any disastrous meteorolo^cal conditions. 

On leaving the coast the waters of the Peru Current join the waters 
of the South Equatorial Current, which flows all the way across the 
Pacific towards the west but is known only as far as surface conditions 
are concerned. The subsurface data are inadequate for computation of 
velocities and transports, and it is therefore not possible to give any 
numerical values. Some features of this current will, however, be dealt 
with when discussing the currents of the equatoriaVregions of the Pacific, 
and it will be shown that the cold water along the E^ator does not repre- 
sent a continuation of the Peru Coastal Current but is due to a divergence 
along the Equator within the South Equatorial Current. 

The other currents of the South Pacific Ocean are even less known, 
but from the character of the water masses it appears that two current 
systems exist, the nature of which may be revealed by future exploration. 
One big gyral appears to be present in the eastern South Pacific; in the 
western South Pacific annual variations are so great that in many regions 
the direction of flow becomes reversed, as is the case off the east coast of 
Australia. No chart of the transport by the current can be prepared. 

The Equatorial Region of the Pacific Ocean 

Water Masses of the Equatoriai, Pacific. In the equatorial 
region of the Pacific and below the tropical discontinuity layer, one finds 
an Equatorial Water mass of a remarkably uniform character which 
extends over the entire Pacific Oceair^m east to west, as is evident from 
fig. 196, in which the temperature-salinity values at nine stations have 
been plotted. This Equatorial Water mass has its greatest north-south 
extension along the American coast, where it is present between latitudes 
18®S and 20“N. Towards the west it appears to become narrower 
although, as will be shown. Equatorial water is occasionally found near 
the Hawaiian Islands. For points still further west detailed information 
is lacking, but at Dana station 3750, close to the Equator in long. 135^E, 
characteristic Equatorial Water was encountered, as is evident from the 
figure. 

The Equatorial Water is probably formed off the coast of South 
America by gradual transformation of the Subantarctic Water, as sug- 
gested by the T~S curves in fig. 194, and spreads to the north and to the 
west. In the extreme western part of the Pacific the Dana data indicate 
that some of this water enters the North Pacific Ocean. 

The Pacific Equatorial Water mass is characterised by a nearly 
straight T-S correlation between T =* 15®, 8 »» 35.15 Vm» ^ “ 8®, 
34.6 o/oo. At a depth of about 800 m where the temperature is 
about 5.5®, a salinity minimum exists in which the minimum values lie 
between 34.50 */» and 34.58 Vw> Below a depth of 1000 m the T~S 
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curve is agun a nearly strught line, the temperature decreasing and the 
salinity increasing toward the bottom, where the corresponding values 
are 1.3® and 34.70 V«o. 

The water masses near the surface axe separated from the Equatorial 
Water mass by a layer of transition within which tbe temperature 
decreases and the density increases so rapidly with depth that in many 
localities the layer has the character of a discontinuity surface. In 



masses are shown in the inset map. Abbrevialiont: C, Carnegie, B, Buehrull, 8, 
E. W. Scrippa, D, Dana, B34, Buaknell, 1934; B39, Buahnell, 1939; E.P., Equatorial 
Pacific; W.N.P., Western North Pacific; E.N.P., Eastern North Pacific; S.A.N.P., 
Subarctic North Pacific. 

or directly above the discontinuity layer a salinity maximum is present 
over large areas. Within the surface layer the temperature is nearly 
constant to a depth that varies from as little as 10 or 15 m up to nearly 
100 m. These conditions are quite similar to those in the tropical regions 
of the Atlantic and Indian Oceans, but the scarcity of data makes it 
impossible to study the upper layers in the equatorial part of the Pacific 
in such detail aS can be done in the Atlantic Ocean. A few general 
features can, however, be pointed out. In fig. 197, which covers the 
tropical region of the Pacific Ocean, is shown the approximate depth to 
the thermocline by means of curves drawn at intervals of 50 m. The 
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contours are drawn as smooth curves because so few data are available 
that no details can be incorporated. The figure brings out features which 
are similar to those in the Atlantic Ocean (fig. 171, p. 633) and are even 
more marked. The depth to the thermocline is very small on the eastern 
side of the Pacific Ocean, where a sharp decrease in temperature is 
encountered at depths mostly less than 50 m, but toward the west the 
depth to the thermocline general!’ increases and on the western side of 
the Pacific Ocean the minimum depths are between 150 and 200 m. 
Along the Equator the depth to the thermocline is generally small, 
increasing from less than 50 m off the coast of Ecuador to about 200 m in 
long. 170®W. This ridge in the discontinuity surface coincides with the 
divergence along the Equator, which shows up in the low surface tem- 



Fig. 197. Upper: Topograpliy of the discontinuity surface in the equatorial 
reifion of the Pacific and corresponding currents. Lower: Vertical temperature and 
salinity curves at six stations, the locations of which are shown in the upper /igure. 
C, Carnegie f D, Dana, 

peratures extending from the coast of South America and halfway across 
the Pacific Ocean (charts II and III). Another ridge nearly parallels the 
Equator in about lat. 8®N ; this is associated with the E(iuat,oi ial Counter- 
current. In the lower part of the figure are shown the vertical tempera- 
ture and salinity distributions at six stations. These curves demonstrate 
the increase of the depth to the thermocline toward the west, the presence 
of the surface layer of uniform temperature, and the presence of the 
salinity maximum near the thermocline. This maximum is particularly 
conspicuous in the South Pacific and appears to be less developed in the 
Nor^ Pacific Ocean. 

'Currents of the Equatorial Pacific. The chart of the depth to 
the thermocline immediately gives an idea of the currents in the upper 
layers in the tropical re^on. If the motion of the water below the dis- 
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coutmuity layer is small, the current in the upper layers must be related 
to the slope of the discontinuity layer in such a manner that in the 
Northern Hemisphere the discontinuity layer sinks to the right of an 
observer looking in the direction of the current and, in the Southern Hemi- 
sphere, sinks to the left (p. 445). In fig. 197 arrows have been entered 
on the basis of this rule, showing the North and South Equatorial Cur- 
rents flowing toward the west and between them the Equatorial Counter- 
current flowing toward the east. The South Equatorial Current is 
present on both sides of the Equator and extends to about 5®N but the 
North Equatorial Current remains in the Northern Hemisphere. Off 
South America the flow is directed more or less parallel to the coast line, 
turning gradually west when approaching the Equator. 

The Equatorial Countercurrent is remarkably well developed in the 
Pacific Ocean where, according to charts by Puls (1895), it is present at 
all seasons of the year, lying alwa 3 '^s in the Northern Hemisphere but 
further away from the Equator in the northern summer. In this season 
the velocities of the current also appear to be higher, reaching values up 
to 2 knots at the surface. The structure of the water masses was first 
demonstrated by the Carnegie section in apjiroximately long. 
which was obtained in October, 1929. Figure 198A and 198B show the 
distribution of temperature and salinity in this section between the sur- 
face and 300 rn. The figure brings out the great variation in the depth 
to the therm oclirie in a north-south direction, and the presence of the 
surface layer of uniform temperature and the tongues of maximum 
salinity. In figure 198C is shown the velocity distribution, computed on 
the assumption of no motion at the 700-dccibar surface. These com- 
putations are uii<;ertain near the Equator, but the resulting picture is 
remarkably consistent. In this case the E(|uatorial C'ountcrcurrent lies 
between 3®N and 10°N, as indicated by the letters stating the direction 
in which the currents flow. 

Montgomery and Palin6n (1940) have shown that the Equatorial 
Countercurrent in the Pacific Ocean, as well as that in the Atlantic Ocean, 
is maintained by the piling up of the light surface water against the 
western boundary of the ocean. They have made use of one Dana 
station, 3558, in long. 99®07'W, and of three Dana stations, 3775, 3756, 
3767, in long. 134®44'E, all near the Equator. A comparison between 
the dynamic heights of the sea surface relative^to the 1000-decibar surface 
shows that in long. 135®E the surface lies 62.6 dyn. cm higher than in 
long. 99®W, but the difference decreases with increasing depth and 
the 300-decibar surface is parallel to the 1000-decibar surface. If 
dynamic centimeters are replaced by centimeters one obtains the result 
that along the Equator the slope of the sea surface is 4.5 X 10”*®. This 
slope of the surface and the slopes of the isobaric surfaces above the 
300-decibar surface can be maintained by an east wind of velocity 4 m/sec, 
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which is lower than the observed velocity of the trades. The stress of 
wind, therefore, more than accounts for the observed conditions (p. 488). 
Owing to the slope of the sea surface the Equatorial Countercurrent flows 
downhill in the calm belt between the trade winds, and the distribution of 
mass adjusts itself to the presence of the current. The maximum, velocity 
at the surface, as computed from the Carnegie section (fig. 198C) is a 
little over 50 cm/sec or about 1 knot, in good agreement with values 
reported from ships. 

The Carnegie section gives a transport to the east by the Equatorial 
Countercurrent of approximately 25 million mVsec; the volume transport 
of this coimtercurrent in the Pacific is therefore comparable to that of the 
Florida Current. The surface observations seem to indicate that the 
transport is somewhat less in the w^tem part of the ocean and that water 
is drawn into the current as it crosses the Pacific Ocean. 

Within the Equatorial Countercurrent and between that current and 
the Equator, a distinct transverse circulation is superimposed upon the 
flow toward the east or the west. The character of this transverse cir- 
culation is evident, particularly from the distribution of salinity, oxygen, 
phosphate, and silicate (figs. 198B, D, E, and F). The arrows shown in 
the figures have been derived from the distribution of oxygen and have 
been transferred to the other representations, where they fit equally well 
with the course of the isolines. Within the Equatorial Countercurrent 
descending motion takes place at the southern boundary and ascending 
motion at the northern boundary, and between the Equator and the 
countercurrent descending motion takes place at the boundary of the 
countercurrent and ascending motion at the Equator. Thus, two cells 
appear with divergence at the northern limit of the countercurrent and 
at the Equator, and with a convergence at the southern boundarj' of the 
countercurrent. This system, which appears so clearly in the Carnegie 
section, is quite similar to the one which Pefant (1936b) has derived for 
the Equatorial Countercurrent in the Atlantic Ocean on the basis of 
theoretical considerations (fig. 172, p. 635). 

Owing to the convergence and the divergences the water does not 
flow due east or due west; but a spiral motion is superimposed upon the 
major current, and within the countercurrent this motion carries water 
from the northern to the southern boundary at the surface and carries 
water in the opposite direction at depths between 50 and 200 m. Within 
the Equatorial Current the surface water moves from the Equator 
toward the countercurrent, but at depths between 100 and 150 m the 
water moves in the opposite direction. To the north of the Equatorial 
Countercurrent and to the south of the Equator, subsurface water moves 
toward the divergences at the surface, and this water must originate from 
the regions of the Tropical Convergences which lie outside the section 
under consideration. According to Defant’s estimate the manmum 
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north-south component of velocity is not more than one fifth of the east- 
west component. 

The divergences at the Equator and at the northern boundary of the 
countercurrent must be expected to be regions of high productivity, 
because the ascending motion brings water which is rich in plant nutrients 
into the euphoric sone. The plankton collections made on board the 
Carnegie when crossing the Equator confirm this expectation (see p. 788). 
The region in the vicinity and to the west of the Galapagos Islands is 
known to be abundant in marine life, but observations are not detailed 
enough to show whether two maxima of abundance hf marine life occur, 
related to the two divergences. From the above discussion it is evident 
that the equatorial divergence, with all its consequences, is not related 
to the proximity of land, and that the conditions met with in the Gala- 
pagos area and to the west do not simply represent a continuation of the 
conditions off the coast of Peru, as had previously been assumed. 

The character of the Equatorial Countercurrent is complicated both 
at the origin of the current between New Guinea and the Philippines and 
at the termination against the American coast. Schott (1939) has shown 
that large seasonal changes take place to the north of New Guinea. 
From June to August the South Equatorial Current follows the north 
coast of this Island and converges sharply with the North Equatorial 
Current in about lat. 6®N, where the countercurrent begins. P^om 
December to February, part of the North Equatorial Current bends 
completely around off the southern islands of the Philippines, sending one 
branch toward the southeast along tlve north coast of New Guinea, and 
another branch, the countercurrent, toward the east. 

Similarly, great seasonal variations occur in the Central American 
region, as is evident from the data presented on the United States Hydro- 
graphic Pilot Charts, but in this region the picture is complicated by 
numerous eddies, the locations of which appear to vary from one y<lar to 
another. The only persistent features are that the Equatorial Counter- 
current is in most months well developed between lat. S^N and 6°N and 
t hat the greater volume of water transported by the Countercurrent is 
deflected to the north and northwest, where a strong current prevails off 
the coa.st of Central America. Another branch, weaker and much more 
irregular, turns to the south. In the Gulf of Panama large seasonal 
changes occur which are associated with the change in the prevailing wind 
direction (Fleming, 1941). 

• The North Pociflc Ocean 

Water Masses of the North Pacific Ocean. In the North 
Pacific Ocean one encounters a Subarctic Water mass which is character- 
ized in about lat. 50*N by an average temperature between 2* and 4® 
and by a salinity which at the surface may be as low as 32.00 Voo but 
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increases to approximately 34.00 Voo & depth of a few hundred meters 
and below that depth increases slowly to about 34.65 Voo at the bottom. 
In general this water mass is carried toward the east. When reaching 
the American west coast it is deflected toward the south, where it enters 
a region of different climatic conditions. Here the temperature of the 
upper layers is raised by heating and the salinity is increased by excess 
evaporation and mixing, so that the T-S curves gradually swing toward 
tlie right, as shown in fig. 199, right. 



Fig. 199. Temperature-salinity relations in the North Pacific Ocean. The areas 
of the Subarctic and the Western North Pacific waters and the locations of stations 
are shown in fig. 196. The depths of the shallowest values are entered, and to the 
left the large squares represent winter surface values near the Subtropical Con- 
vergence. W.N.P., Western North Pacific; S-A.N.P., Subarctic North Pacific. 

The term Subarctic Water should be applied strictly only to the water 
to the north of 45®N, but for the sake of convenience the name will be 
used for the entire North Pacific Subarctic Water mass, the character of 
which is illustrated to the right in fig. 199. In about lat. 23“N, off the 
south coast of Lower California, the Subarctic Water converges with the 
Equatorial Water. At Station B 307 in lat. 22®22'N, nearly pure, 
Equatorial Water was present; at Station S 79 in lat. 25®22'N the water 
below a depth of 300 m, where a temperature of 9® and a salinity of 
34.35 Voo was observed, approached the equatorial type. The bend in 
the T-S curve at that station suggests that an intrusion of Equatorial 
Water takes place below the depth of 300 m where the bend occurs. 




714 THE WATBt MASSB AND CURRB4TS OF THE OCEANS 

Below 300 m the stationa between lat. 22"N and 46‘*N show TS 
curves intermediate in character between those characteristic of the true 
Subarctic Water of the Notih Pacific and the Equatorial Water; this fact 
suggests that the water at these stations is formed by lateral mixing 
between those two large and well-defined water masses. Such mixing 
is facilitated by a northward penetration along the coast of water that 
contains a large component of Equatorial Water (Sverdrup and Fleming, 
1941, Tibby, 1941). This penetration is shown in fig. 199 by the 7-S 
curve at station S 59, which lies about 30 km from the coast and at 
which the water is of more equatorial character tlikn at station 55 in 
nearly the same latitude but about 550 km from the coast. 

In the western North Pacific a well-defined Central Water mass 
appears to be present, because very similar T-S curves have been obtained 
from such widely separated localities as Carnegie station 106 in lat. lO^N 
and long. 152‘’E and Buaknell station k in lat. 24°N and long. IGS^W 
(fig. 199, left). At Dana station 3719, 21'’N and 126°E, and Carnegie 
station 113, 34°N and 142‘’£, water of nearly the same character was 
encountered, but of a slightly higher salinity due perhaps to admixture of 
Equatorial Water. This Central Water mass covers an area nearly as 
great as the area of the North Atlantic Ocean, but it does not extend all 
the way across the Pacific Ocean. It is perhaps formed in latitudes* 
30®N to 40“N and longitudes 150“E to 1G0®E, where in February flie 
T-S relation at the surface is similar to the vertical T-S relation of the 
water mass. 

Other observations indicate that between the Hawaiian Islands and 
the American coast an Eastern Central Water mass occurs, but this is 
of much smaller extent and is separated from the adjoining water masses 
by wide areas of transition. In-order to demonstrate the character of 
this water mass, the T-S curves have been plotted from a series of stations 
between San Diego and the Hawaiian Islands occupied by the Bushndl 
in 1939, and from a series of stations between Dutch Harbor, Aleutian 
Islands, and the Hawaiian Islands occupied by the Bttshnell in 1934 
(fig. 200). 

At the two stations closest to the coast of California, Subarctic Water 
was present of the same character as that shown by the curves in fig. 199. 
Between stations 309 and 310 a very marked transition took place; at 
station 309 the water of a temperature of 15° had a salinity of 33.55 Voo, 
whereas at station 310 the corresponding salinity was 34.40 Voo- In the 
central area between the coast and the Hawaiian Islands the T-S curves 
show considerable similarity to each other, but the slope of the curves is 
much greater than the slope of the corresponding curves which character- 
ize 'the Western Central Water mass. In order to demonstrate this 
feature the T-S relations of the latter water mass have been indicated in 
the figure. Clo.se to the Hawaiian Islands station 316 shows considerable 



TH€ WATER MASSK AND CURRENTS OP THE OCEANS 


715 


admixture of Equatorial Water, particularly at temperatures lower than 
10". This T-S curve is quite similar to the one which was obtained at 
Carnegie station 150 to the east-southeast of the Hawaiian Islands in 
lat. 16®N, long. 137® W. It appears, therefore, that the northern bound- 
ary of Equatorial Water must occasionally nearly reach the Hawaiian 
Islands and that the region around the islands is a boundary region within 
which water masses of very different character may be encountered. 




Fig. 200. Upper: T-S curvos at a number of Bushnell stations of 1034 between 
the Aleutian and the Hawaiian Islands. Lower: T-S curves at a number of Bushnell 
stations of 1939 between San Diego, California, and the Hawaiian Islands, and at 
station Carnegie 150 to the southea.st of the Hawaiian Island.s. The T-S relations of 
the Western North Pacific and the Equatorial Pacific are shown. Large squares 
represent w’inter surface values in about lat. 40‘*N, long. 140®W The stations used 
are located along B34 and B39 in fig. 196. 

Proceeding south from the Aleutian Isl6nds^ the northern stations 
show Subarctic Water, but between stations e and h a transition takes 
place. At station e Subarctic Water is found, but at station h Western 
Central Water is present, as is evident from the lines marked WNP in 
the figure. This same water mass is present at stations i, k, and n, but 
between stations n and p a new transition takes place, water more similar 
to the Eastern Central Water being present at stations p and r. 
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From this description it is evident that in the North Pacific (as in the 
South Pacific, see p. 701) we encounter three typically different water 
masses which are separated by regions of transition: the Subarctic Water 
mass which penetrates toward the south along the west coast of North 
America and two Central Water masses of which the western occupies 
the larger area. 7'he existence of these two Central Water masses indi- 
cates that in the North Pacific the circulation is also characterized by the 
presence of two separate gv’rals of which the western is the larger. The 
location of the eastern gv’ral coincides approximately with the average 
location of the Pacific high-pressure area, but on average no corre- 
.sponding high-pressure area is found over the western Pacific. The 
development of the western gyral can therefore not be a direct effect of 
the prevailing winds but may be relat»‘d to the boundaries of the ocean. 



Fig. 201. Distribution of temperatures and salinities in a vortical section between 
lat. 30‘’28'N, long. 150°04'E, and lat. 42'’40'N and IST^OO'E. (After (Ida.) 


In the North Pacific the most complicated hydrographic conditions 
are encountered in the waters to the northeast of Japan, where the Sub- 
arctic W'ater carried south by the cold Oyashio meets the warm Central 
Water carried northeast by the Kuroshio. The Knroshio follows closely 
along the coast of Japan as far as lat. 35“, where it turns east, sending 
branches off toward the northeast, where intensive mixing with the waters 
of the Oyashio takes place. Numerous cddio.s are present and the differ- 
ent branches of the current arc often separated by .xhaip lines of demarca- 
tion, which are visible as “tide rips” on the sea .surface (Uda, 1938a). 

The sharp transition from one water mass to another is illustrated in 
fig. 201 , showing temperatures and salinities in a vertical section between 
the points lat. 30“28'N, long. ISOWE and lat. 42“40'N, long. 157“0E, 
about 1000 km from the coast. The waters of the Kuroshio are present 
to the south of lat. 36®N, where an abrupt transition takes place to 
waters which, above 200 m, represent Kuroshio water greatly diluted by 
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Subarctic Water. Still further north, in lat. 41°N, is another transition 
to the typical Subarctic Water mass. 

Both to the north and to the south of lat. 36°N an Intermediate Water 
is present, characterized by a salinity minim um. Below the Kuroshio 
water the salinity minimum is found at a depth of about '!00 m, and the 
lowest salinity values are between 34.00 Voo and 34.1 Voo> whereas 
below the mixed water to the north of lat. 36'*N the salinity minimiun is 
found at a depth of 300 m, the lowest salinities being less than 33.8 Vpo- 
The oxygen content of the Northern Intermediate Water is considerably 
higher than that of the Southern. 

Intermediate Water is present below the Central Water masses all 
over the North Pacific Ocean. On the basis of the Carnegie data, the 



Fig. 202. Salinity in the layer of minimum salinity of the North Pacific. The 
direction of flow is indicated by arrows. The approximate depths (in meters) of the 
uiinimum values are sliown. Where two minima arc pre.scnt, one of the depths is 
entered in parenthesis 

liushnell data, and the numerous observations on Japanese expeditions 
in the western part of the Pacific, the somewhat schematic picture in 
fig. 202 has been prepared, showng the value of the salinity at the mini- 
mum layer. Smooth curves have been drawn in the western area in 
order to bring out 1 he main features, omitting the numerous details which 
would confuse the presentation. Within the Subarctic Water no salinity 
minimum is present; the curves have therefore been carried only to the 
boundary region between the Subarctic Water and the Central Water 
masses. The depth of the layer of minimum salinity is indicated by a 
few numerical values. In lat. 10®N two deptlrs have been entered 
because there the layer of salinity minimum appears to divide, one 
branch rising toward the surface at the northern limit of the Equatorial 
Countercurrent, and one branch sinking and approaching the minimum 
layer of the Equatorial Water mass (see fig. 198). Similarly two depths 
are entered in lat. 28®N, long. ISO^W, because several stations in that 
region show a double minimum (see fig. 200). 

In order to understand the distribution of salinity within the minimum 
layer it is necessary to discuss the probable flow of the water, to which we 
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shall return when dealing with the currents. The high salinity values 
along the western boundary of the ocean from the Philippine Islands 
to Japan show that the Intermediate Water moves toward the north in 
that region. The salinity minimum here is found at depths between 600 
and 800 m ; when encountering the Subarctic Water the greater part of the 
Intermediate Water probably turns around at that depth, forming a big 
eddy off the coast of Japan. The Intermediate Water of lower salinity, 
which to the north of the convergence between the Kuroshio and the 
Oyashio is found at depths of 300 m or less, does not flow directly south 
but flows toward the east, sending branches off to^^e south. A large 
clockwise gyral consequently appears to be present in the western Pacific 
approximately between long. 160°W and the coast of Asia, with a whirl 
rotating in the same direction directly off the coast of Japan. To the 
northeast of the Hawaiian Islands the form of the 34.0 isohaline indicates 
the existence of another but smaller gyral in which the rotation also is 
clockwise. 

Below the Intermediate Water the salinity increases regularly, reach- 
ing maximum values of 34.65 Voo 4o 34.67 Voo at the bottom. No salinity 
maximum is present between the minimum layer and the bottom, but in 
several regions the salinity is constant in the lower 1000 m. 

The Cuubbnts of the Nohth Pacific Ocean. There is considerable 
similarity between certain currents of the North Pacific and of the Noifh 
Atlantic Oceans, but there are also striking differences due mainly to the 
occurrence of large quantities of Subarctic Water in the North Pacific, 
as contrasted to the small amounts of^that type in the North Atlantic. 
The Subarctic Water of the Pacific and tlie currents that carry Subarctic 
Water are present in the northern and eastern areas and similarity 
to the North Atlantic is therefore found in the southern and western part 
of the ocean, where the North Equatorial Currents correspond to each 
other and where the Kuroshio corresponds to the Florida Current and the 
Gulf Stream. 

The North Equatorial Current of the Pacific Ocean runs from east to 
west, increasing in volume transport because new water masses join the 
current from the north. The very beginning of the North Equatorial 
Current is found where the waters of the Equatorial Countercurrent turn 
to the north off Central America. To these water masses are later added 
the waters of the California Current, which have attained a relatively 
higher temperature and salinity owing to heating and evaporation, and 
which have been mixed with waters of the tropical region. Between 
the American coast and the Hawaiian Islands, Eastern North Pacific 
Water is added to the equatorial flow, and to the west of the Hawaiian 
Islands a considerable addition of Western North Pacific Water appears 
to take place. In about long. 160°W the volume transport of the North 
Equatorial Current above k depth of 1000 m is, according to Carnegie 



THE WATER MASSES AND CURR»<TS OF THE OCEANS 719 

observationSy about 46 million and this value is approximately 

equal to the maximum transport of the corresponding current in the 
Atlantic Ocean. No details are known as to the character of the current, 
and only a few isolated computations of velocities can be made. These 
indicate that one has to deal with a broad and relatively deep current 
within which the velocities are mostly less than 20 cm/sec. A vertical 
transverse circulation is present, with ascending motion at the northern 
boundary of the Equatorial Countercurrent and with descending motion 
at the Tropical Convergence. The waters therefore move in a spiral-like 
fashion and the motion is probably highly complicated owing to the great 
distance between the regions of major divergence and convergence and to 
the presence of local divergences and convergences. 

It is probable that, before reaching the western boundary of the ocean, 
the Equatorial Current begins to branch oflF, mainly to the north but 
partly to the south, feeding the countercurrent. To the east of the 
Philippine Islands a definite division of the current takes place, one branch 
turning south along the coast of the island of Mindanao and the larger 
branch turning north, following closely the east side of the northern 
[Philippine Islands and the island of Formosa. The intensity of the 
flow to the south varies with the season (p. 712) and so probably docs the 
flow to the north. 

After having passed the island of Formosa, the warm waters continue 
to the northeast between the submarine ridge on which the Riukiu 
Islands lie and the shallow areas of the China Sea. On reaching lat. 30®N 
the current bends to the cast and then to the northeast, following closely 
the coast of .lapan as far as lat. 35°N. The name Kuroshio is particularly 
applied to the current betwT(‘n Formosa and lat. 35®N, but in agreement 
with the nomenclature used when dealing with the currents of the Atlan- 
tic, and following Wust (1930), we shall apply the name Kuroshio 
System” to all branches of the current system and shall introduce the 
following subdivisions: 

1. The Kuroshio. The current running northeast from Formosa to 
Riukiu and then close to the coast of Japan as far as lat. 35®N, 

2. The Kuroshio iOxtension. The warm current which represents the 
direct continuation of the current and flows nearly due east, probably in 
two branches, and can be traced distinctly to about long. 160°E. 

3. The North Pacific Current. The further continuation of the 
Kuroshio Extension which flows toward the east, sending branches to the 
south and reaching probably as far as long. 150®W, 

To these three major divisions of the Kuroshio System can also be 
added the Tsushima Current, the warm current that branches off on the 
left-hand side of the Kuroshio and enters the Japan Sea following the 
western coast of Japan to the north, and the Kuroshio Countercurrent, 
part of a large eddy on the right-hand side of the Kuroshio. 
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The Kuboshio. The great similarity between the Kuroshio and the 
Florida Current has been pointed out by Wtist (1936). Wiist compares 
the Kurosbio between the Riukiu Islands and the continental shelf to 
the current through the Caribbean Sea and the flow of the Kuroshio 
across the Riukiu Ridge in lat. 30®N to the flow through the Straits of 
Florida. This part of the Kuroshio, as well as the current to the south 
of Shiono-misaki in lat. 33®N, long. 135‘’W, has been studied by Japanese 
oceanographers, who have conducted current measurements and have 
occupied a large number of oceanographic stations. The results have 
been discussed mainly by WUst (1936) and Koenuma6^(1939). According 
to Koenuma, the current between Formosa and the southern of the Riukiu 
Islands reaches to a depth of about 700 m and the maximum velocity 
near the surface is 89 cm/scc. These figures are based on computations, 
but are in good agreement with direct measurements at one station in the 
passage. The transport amounts to about 20 million mV^ec. Similar 
conditions are encountered further north, between the northern of the 
Riukiu Islands and the continental shelf ; here, however, a weak counter- 
current appears to be present on the left-hand side of the main flow. 
The maximum velocities in this profile are somewhat above 80 cm/sec 
and the computed transport is 23 milhon m’/sec. 

The profile to the south of Shiono-misaki has been discussed both by 
Wiist and Koenuma, who do not agree in their interpretation of <he 
measurements, particularly as to the depth of the level of no motion. 
Wiist assumed that the level of no motion coincides approximate!}' with 
the 10® isothermal surface, -which nearly represents the upper boundary 
of the Intermediate Water; but this assumption leads fo computed 
velocities which are considerably below the observed ones. Koenuma, 
on the other hand, assumes that .close to the coast the observed velocit}' 
of the Intermediate Water, 16 cm/sec to the norihejist, is correct, and 
furthermore assumes that at greater distances from the coast the Inter- 
mediate Water flows toward the southwest at a velocity of about 
5 cm/sec. These a.ssumptions are ba.sed on a number of considerations 
that appear to be valid. In this manner Koenuma arrives at a computed 
velocity distribution in good agreement with observations. 'I’lie Kuro- 
shio runs here ver.-^' clo.se to th(! coast with maximum velocitie.s up to 
166-1 80 cm/sec (up to 3|^^ knots), but extends onh' to a distance of 
140 km from the coast. At greater distances a countercurrent flows to 
the southwest within which maximum velocities up to 20 cm /sec are 
encountered, in agreement with ships’ observations. The character of 
the Kuroshio is here closely related to that of the Florida Current to the 
south of Cape Hatteras. The transport of the Kuroshio between the 
coast and its outer limit is greatly increased, but the countercurrent on 
the right-hand .side carries large amounts of water in the opposite dircc- 
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tion. It is probable that a considerable annual variation takes place in 
the transport, but so far little information is available on the subject. 

The temperatures of the Kuroshio water are comparable to those 
of the Florida Current but the salinities are much lower, the maximum 
salinity in the Kuroshio being slightly less than 35.00 ®/oo, whereas the 
maximum salinity in the Florida Current is about 36.60 '/oo. This 
difference reflects the general lower salinity of the Pacific as compared 
to the Atlantic. The temperature of the Kuroshio is subject to a large 
annual variation (p. 131) related to excessive cooling in winter by cold 
offshore winds. Off Sliiono-misaki the annual range at the surface 
amounts to nearly 9“^ and at 100 m the range is still nearly 4.5®. 

The Kuuoshio Extension. In lat. 35®N, where the Kuroshio leaves 
the coast of Japan, it divides into two branches; one major branch turns 
due east and retains its character as a well-defined flow as far as approxi- 
mate'y long. 160®E, and one continues toward the northeast as far as 
lat. 40®N where it bends toward the east. The major branch is evident 
on charts showing the anomaly of the surface temperature or the dififer- 
<.mce between air and surface temperatures in winter. According to 
Schott (1935) a tongue within which this difference is greater than 4®C 
extends east toward long. 170*E, that is, beyond the eastern limit of the 
well-defined flow. Between long. 155® and 160®E considerable water 
rna.sses turn toward the south and southwest, forming part of the Kuro- 
shio countercurrent which runs at a distance of approximately 650 km 
from the coast as the eastern branch of a large whirl on the right-hand 
.side of the Kuroshio. 

According to the vertical sections of temperature and salinity in fig. 
201, the Kuroshio Extension is, in long. 163®E, still a narrow current, 
but continuing toward the east a section in long. 162®E (Uda, 1935) 
shows that the current has been broken up into a number of branches 
.separated by eddies and countercurrents. The change corresponds to 
the one which, in the Atlantic Ocean, takes place between the regions to 
the south of the Grand Banks and to the north of the Azores (see fig. 

186, p. 681). 

The northern branch of the Kuroshio Extension becomes rapidly 
mixed with the cold waters of the Oyashio that flow south close to the 
northeastern coasts of Japan, reaching nearly to 36®N. The extensive 
work of Japanese oceanographers (Uda, 1935, 1938b) shows thiit along 
the boundary between the Kuroshio Extension and the Oyashio numerous 
eddies develop, within which a thorough mixing of the water masses 
takes place. From the sections in fig. 201 it is evident that to the north 
of lat. 36®N the Kuroshio waters, which can be traced to lat. 41®N, have 
been .greatly diluted by the Oyashio water. These processes of mixing 
gradually form the water mass that is present in the northwestern 
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Pacific Ocean, which has been called the Subarctic Water of the North 
Pacific (fig. 199, p. 713). These sections bring out another feature men- 
tioned in the discussion of the Intermediate Water. To the north of 
lat. 36°N Intermediate Water of a salinity as low as 33.8 Voo is found at a 
depth of 300 m or less. This water, which contains a considerable 
amount of oxygen, is probably formed in winter at the convergence 
between the Kuroshio Extension and the Oyashio and sinks from the 
surface in a manner similar to the sinking of the Antarctic Intermediate 
Water. From the region of sinking this Intermediate Water flows 
toward the east and spreads over the greater part'^f the North Pacific 
(fig. 202). To the south of lat. 36®N Intermediate Water of salinity 
between 34.0 Voo and 34.1 Voo is present at a depth of about 800 m, but 
this water represents the most northern extension of the Intermediate 
Water that flows north along the coast of Japan and turns around as 
part of the big whirl on the right-hand side of the Kuroshio. 

The North Pacific Current. Under this name is understood the 
general eastward flow of warm water to the east of long. 160°E. Details 
of this flow arc not known, but from the Bushnell section of 1934 (fig. 200) 
it is evident that Kuroshio water crosses long. 170°W, because at a 
number of Bushnell stations the T-S curves are similar to those of the 
Kuroshio Water. The greater part of this water appears to turn around 
toward the south before reaching 150®W, and only a .small portion con- 
tinues and flows south between the Hawaiian Islands and the west coast 
of North America after having been mixed with waters of different origin. 
The main part of the North PacificX^Iurrent does not, therefore, extend 
across the Pacific Ocean but turns back toward the west in the longitude 
of the Hawaiian Islands. 

The Aleutian (Subarctic) Current. To the north of the North 
Pacific Current one finds a marked transition to an entirely different 
type of water, the Subarctic Water, which also flows toward the east. 
According to the Bushnell observations the transport of Subarctic Water 
between the Aleutian Islands and lat. 42*’N amounts to about 15 million 
mVsec above the 2000-decibar surface. This water mass must have been 
formed by mixing of Kuroshio and Oyashio water, the temperature of the 
mixture having been reduced by cooling and the salinity of the upper 
layer decreased by excessive precipitation. One branch of the Aleutian 
Current turns north and enters the Bering Sea, following along the 
northern side of the Aleutian Islands and circling the Bering Sea counter- 
clockwise. In the Bering Sea these waters are further cooled, and flowing 
south they reach the northern islands of Japan as the cold Oyashio. 
The amount of water in this gyral is not known, but inflow and outflow 
from the Bering Sea must be nearly equal, wherefore it follows that the 
15 million m Vsec of Subarctic Water which continues east on the southern 
side of the Aleutian Islands are supplied by the Kuroshio, the waters 
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of which have been completely transformed by mixing and external 
influences. 

Before reaching the American coast the Aleutian Current divides, 
sending one branch toward the north into the Gulf of Alaska and another 
branch toward the south along the west coast of the United States. The 
former branch is part of the counterclockwise gyral in the Gulf of Alaska. 
It enters the gulf along the American west coast, and since it comes from 
the south it has the character of a warm current in spite of the fact that 
it carries Subarctic Water. It therefore exercises an influence on the 
climatic conditions similar, on a small scale, to that which the North 
Atlantic and the Norwegian Currents exercise on the climate of north- 
western Europe. The major branch, which turns toward the south 
along the west coast of the United States, is known as the California 
Current, but before dealing with this it is desirable to discuss the warm- 
water currents i)etween the Hawaiian Islands and the American West 
Coast. 

The Eastehn Gvral in the North Pacific Ocean. The existence 
of an eastern gj’ral is recognized mainly by the character of the water 
masses and by the results of computations based on observations between 
the Hawaiian Islands and the coast of California and between the 
Hawaiian Islands and the Aleutian Islands. The study of water masses 
(fig. 200, p. 715) brought out that a distinctly different water mass was 
present in the region to the east of the Hawaiian Islands, a mass in part 
formed at the boundary between the warmer waters and the Subarctic 
Water between long. 130® and 150°W. Computation of currents and 
transport, the results of which are shown schematically in fig. 205, p. 727, 
leads to the conclusion that a clockwise rotating, gyral is present in the 
eastern North Pacific \rith its c-.-nier to the northeast of the Hawaiian 
Islands. It is probable that the location of tliis gyral changes with the 
seasons and shifts from year to year, so that occasionally the gyral may 
lie entirely to the northeast of the Hawaiian Islands, whereas in other 
circumstances the Hawaiian Islands may lie inside the gyral. If the 
gyral is displaced considerably to the north, Equatorial Water may reach 
as far north as to the Hawaiian Islands, as was observed in 1939 at 
BttshneU station 316 (see fig. 200, p. 715). At the surface the gyral is 
masked by wind-driven currents. 

The existence of this gyral is confirmed by the values of the salinity 
at the salinity maximum (fig. 202). The high values which are found to 
the northeast of the Hawaiian Islands must be associated with a flow 
to the northeast, and the presence of two salinity minima in about lat. 
28®N axkd long. 130®W must be related to the circulation. The upper 
minimum at which the salinity is about 33.95 ®/oo is probably fonned 
where the Central Water mass spreads over the Subarctic Water; the 
lower minimum at which the salinity is about 34.10 */o« represents the 
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direct contintiation of the minimum in the northeast-flowing branch of 
the gyral. In the southern branch of the gyral the minima merge to a 
single one at about 500 m. 

The California. Current. The California Current represents, 
as already explained, the continuation of the Aleutian Current of the 
North Pacific. The name is applied to the southward flow between 
lat. 48® and 23®N, where the Subarctic Water converges with the Equa- 
torial (fig. 199, p. 713). The outer limit of the California Current is 
represented by the boundary region between the Subarctic Water and 
the Eastern North Pacific Central Water, and lies'^n lat. 32®N at a dis- 
tance of approximately 700 km from the coast, according to the observa- 
tions by the Carnegie in 1929, the LouisviUe in 1936, and the BushneU in 

1939. The total volume trans- 
port of the California Current 
above the 1500-decibar surface is 
probably not more than about 10 
million mVsec, and in view of the 
great width of the current no high 
velocities are encountered except 
within local eddies. As a whole, 
the current represents a wide 
body of water which moves slug- 
gishly toward the southeast. 

In spring and early summer 
the California Currept is a counter- 
part to the Peru Current, several 
characteristic features of the two 
currents being strikingly similar. 
During these months north-northwest winds prevail off the coast of 
California, giving rise to upwelling that mostly' begins in March and 
continues more or less uninterruptedly until July. Records of surface 
temperatures show that on the coast the lowest temperatures regularly 
occur in certain localities separated by regions with higher surface tem- 
peratures. This is demonstrated by fig. 203, in which are plotted the 
surface temperatures between lat. 32®N and 45®N along the American 
west coast in March to June and in November, December, and Januarj'. 
In the regions of intense upwelling the spring temperatures are lower than 
the winter temperatures, but in regions of less intense upwelling they are 
higher. 

Recent work of the Scripps Institution of Oceanography shows that 
from the areas of intense upwelling tongues of water of low temperature 
extend in a southerly direction away from the coast; these tongues are 
separated from each other by tongues of higher temperature extending in 
toward the coast. Within the tongues of higher temperature the flow 



Fig. 203. Surface temperatures along 
the coast of Califontia in March to June and., 
in November to January. In regions of 
intense upwelling, the average surface tem- 
perature is lower in March to .Tune than in 
December to January. 
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is directed to the north, whereas within the tongues of low temperature 
the how is directed to the south. Swirls thus appear on the coastal side 
of the current, similar to those which Gunther has demonstrated within 
the Peru Current. 

To the north of lat. 30°N the two most conspicuous centers of 
upwelling are located in lat. 35®N and 41®N. The two swirls associated 
with these centers of upwelling and the alternating movements away from 
and toward the coast are show'n in fig. 204, which is based on observations 
in May to July, 1939. The coast to the south of 34®N is under the 
influence of water which returas after having traveled a long di^t.-inco as 
surface water, and, correspondingh , the surface temperat.ure.s are much 
higher there than those encountered where the water was recentlv drawn 
to the surface (fig. 203). A third region of intense upwelling is found 
perhaps in about latitude 24‘*\,on tlie coast of Lower ( alifornia ( I'liorade, 
1909). 

The upwelling water rises from moderate depths only, probably less 
than 200 ni (Sverdrup and Fleming, 1941), and the phenomenon therefore 
represents only an overturning of the upper layers such as is the case in 
other regions which have been examined. According to McEwon (1934) 
the rate of upwelling is about 20 in a month and on an average the iiroccss 
is therefore a very slow one. It is, however, of the greatest importance 
to the productivity of the waters off the coast, because the rising water 
brings nutrient salts into the cuphotic zone. The importance of upwelling 
to the distribution of phytoplankton (p. 785) has been discussed by 
Sverdrup and Allen (1939). 

During the entire season of upwelling a countercurrent that contains 
considerable quantities of Equatorial Water flows close to the coast al 
depths below 200 m (Sverdrup and Fleming, 1941). This subsurface 
countercurrent appears to be analogous to the subsurface countercurrent 
off the coast of Peru, the existence of which was shown by Gunther 
(p. 703). In spring and early summer the currents off the coast of 
California are therefore neaily a mirror image of those off the coast of 
Peru, but the similarity is found in this season only because the character 
of the prevailing winds off California changes in summer, whereas off 
Peru the w'inds blow from nearly the same direction throughout the year. 

Toward the end of the summer the upwelling gradually cea.se.s and 
the more or less regular pattern of currents flowing away from and 
toward the coast breaks down into a number of irregular eddies, some of 
which carry coastal waters far out into the ocean (Johnson, 1939).' 
Other eddies carry oceanic waters in toward the coast, particularly in the 
regions between the centers of upwelling, as shown by Skogsberg (1936) 
in his discussion of the waters of Monterey Bay (p. 131). 

In the fall upwelling ceases, and in the surface layers a countercurrent 
develops, the Davidson Current which in November, December, and 




Fig. 204. Gaopotential topography of the sea surface relative to the 1000-dccibar 
auifaco off the American west coast in May to July, 1939, showing Sow alternating 
away from and towards the eoastb 
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January runs north along the coast to at least lat. 48°N. In this season 
the subsurface countercurrent still exists and the main difference betwew 
the seasons without and with upwelling is therefore that in the former a 
countercurrent is present at all depths on the coastal side of tile Cali- 
fomia Cunent, whereas when upwelling takes place the countercurrent 
has disappeared in the surface layer where, instead, a number of long- 
stretched swirls have developed. This difference suggests that in the 
absence of prevailing winds that cause upwelling, a countercurrent would 
appear on the coastal side, as is the case in other localities (see p. 677). 
In the presence of upwelling the overturn of the surface layers destroys 
the countercurrent above a depth of 200 m and leads to an entirely 
different pattern of flow. 



Fig 205. Transport chart of the North Pacific. The lines with arrows indicate 
the approximate direction of the transport above 1500 meters, and the inserted num- 
bers indicate the transported volumes in millions of cubic meters per second. Dashed 
lines show cold currents; full-drawn lines show warm currents. 

Transport. On the basis of the values of the volume transport of 
the different branches of the current system that have been mentioned 
and others that have been computed, the schematic picture in fig. 205 
has been prepared. The lines with arrows give the approximate direc- 
tion of the transport and the numbers give the volume transport in 
millions of m Vsec. In this case the transport numbers include the motion 
of the Upper and the Intermediate Water because the Intermediate 
Water of the Pacific appears to flow in generd in the same direction as 
the Upper Water (fig. 202). The lines showing the direction of transport 
are full-drawn where the upper water masses are warm and dashed where 
th^ are cold. 

The figure brings out that in the North Pacific Ocean the Equatorial 
Countercurrent and the Kuroshio are the two outstanding, well-defined 
currents. Over the greater part of the Pacific Ocean weak or changing 
currents are present, and the transport numbers that are entered teier 
therefore to broad cross sections. The figure intends only to bring out 
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the major features which have been disctiqsed, representing the ^t 
attempt at a synthesis of the available information as to the circulation 
in the North Pacific Ocean. 

Thb Oxygen Distribution in the Pacific Ocean. In the South 
Pacific Ocean no oxygen observations are available from the central and 
eastern parts except for a few at two Carnegie stations in about lat. 33°S 
and long. 110**W. On board the WiUiam Scoresby oxygen determinations 
were made in the waters of the Peru Coastal Current, but so far the data 
have not been published. From the western South Pacific and from the 
equatorial part of the South Pacific oxygen values are available at a 
number of Dana and Carnegie stations. 



Fig. 206. Oxygen distribution (ml/L) in a vertical section along the 180° meridian 
between latitudes 48°S and 10°S. (According to observ'ations of the Dona.) 


Figure 206 shows the distribution of oxygen in a vertical section which 
nearly follows the meridian of 180® between latitudes 48®S and 10®S. 
Near the Antarctic the oxygen content of the water is generally high, 
decreasing more or less regularly from the surface to a depth of about 
2000 m, where the content is a little below 4 ml/L. At greater depth a 
small increase takes place, such that below 2500 m the content is greater 
than 4 ml/L. To the north of 40®S an oxygen minimum is present at 
about 400 m, but below this minimum an intermediate maximum is found 
between 600 and 800 m. This intermediate maximum lies a few hundred 
meters above the core of the Antarctic Intermediate Water, which is 
indicated by the line marked S>min. At about 2000 m a second layer 
of minimum oxygen is found and below this the oxygen content slowly 
increases toward the bottom. In a horisontal direction an abrupt 
decrease in the oxygen content takes place at about 15®i3. At II ®S the 
o(x.Vgen. content is below ml/L between 300 m and 2000 m and a 





THE WATR MASSES AND CURRENTS OF THE OCEANS 729 

minimum value of 2.22 ml/L is found at 400 m, but the content of the 
deep water is as high as further to the south. 

According to observations at two Carnegie stations in about lat. 33*S 
and long. 110®W (see Schott, 1935), the oxygen distribution is there quite 
similar to that found off New Zealand; but from analogy with conditions 
within the Benguela Current it appears highly probable that the oxygen 
content of the subsurface waters is low within the Peru Current, partic- 
ularly within the Peru Coastal Current. At Dana stations 3559, 3560, 
and 3561, located to the south of the Equator between long. 104® and 
117®W, minimum oxygen values as low as 0.09 ml/L were observed at 
400 m. This low-oxygen Avater probably comes from the coast off Peru, 
indicating that tiierc a minimum oxygen laj'er is present within which 
the oxygen content is even lower than that found off the coast of South 
Africa. Such conditions should be expected because of the great pro- 
ductmty of the Peru coastal waters and, consequently, the great con- 
sumption of oxygen at subsurface depths by decomposition of sinking 
remnants of organisms. 

In the North Pacific the oxygen content of the subsurface waters is 
as a rule lower than in the South Pacific, but a similar contrast exists 
between west and cast, the oxygen content in the eastern areas being 
lower than in the western. The lowest oxygen values are consistently 
found 400 or 500 m below the salinity-minimum layer where such a layer 
is present, and in the Subarctic Waters at a depth of 600 or 800 m . Mini- 
mum values higher than 2 inl/L are found only in the extreme western 
part to the west of long. 160®PJ and between the Equator and 36®N. 
Over the greater part of the North Pacific the minimum values are below 
1 ml/L, and off the west coasts of Central America and Mexico the con- 
tent is nearly nil. Below the minimum layer the oxygen content increases 
toward the bottom, at which values somewhat above 3 ml/L are found in 
the western part and somewhat below 3 ml/L in the eastern part. 

The most striking feature of the oxygen distribution in the Nortli 
Pacific is the presence of a very large body of water within which the 
oxygen content is exceedingly small. This body is found off the American 
coast between lat. 28®N and the Equator; it extends toward the west like 
a wedge, gradually becoming more and more narrow, and reaches at 
least past long. 140®W. Close to the coast the layer of oxygen content 
less than 0.25 ml/L is found between the depths of 200 to 300 m and 
1200 m, and according to Carnegie observations it is found in long. 140“W 
between 100 and 600 m. It is probable, as already stated, that another 
water mass of equally low oxygen content extends toward the west from 
the coast of Peril, but the two water masses appear to be separated by a 
refpon of slightly higher oxygen content. 

The character of the oxygen distribution off the American west coast 
is illustrated in fig. 207, showing a section which runs parallel to the 
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coast at a distance of a few hundred miles and extends from lat. 45^ to 
the Equator. Between 20*N and 10"N is a region within which the 
oxygen content is so low that no trace of oxygen can be determined by 
the Winkler method, but hydrogen sulphide is not present. This low> 
oxygen water is also found in the Gulf of California (see table 83), where 
in some localities, owing to upwelling, the oxygen content is practically 
nil at a depth of less than 100 m. 

A systematic study of the types of organisms which may be found in 
this oxygen>poor water has not yet been made. A scattered observa- 
tions indicate that organisms are found even where the oxygen content is 



Fig. 207. Oxygen distribution (ml/L) in a vertical section along the west coast of 
North and Central America at a distance of a few hundred miles from the coast 
(mainly based on observations of E.W. Scrippt and Buahnell). 


as low as 0.1 ml/L; the further examination of the distribution of such 
organisms and their adaptation to the extreme conditions represents one 
of the fascinating biolo^cal problems of the Pacific Ocean. 

The Adjacent Seas of the North Pacific Ocean 

None of the adjacent seas of the North Pacific Ocean exercise any 
appreciable influence on the water masses of the ocean and it has therefore 
not been necessary to discuss them until now. 

GxjiJ' OF Califoknia. The Gulf of California lies in a climatic 
regicm which is comparable to that in which the Red Sea is located, but 
hydrographically the Gulf of Califomis is entirely different from the 
Red Sea, the reason being that the Gulf of California is not separated 
from the adjacent ocean by a submarine ridge. To 28°30'N the bottom of 
the Gulf is trough-shaped, with the greatest depth at the opening to the 
south. The soundings of the E. W. Scrippa in 1939 and 1940 have 
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shown, however, that the bottom is irregular with several deeper 
basins, although at the entrance free communication with the watm of 
the Pacific exi^ above depths of nearly 3,000 m. A ridge running 
nearly north-south in long. 1 12^40' separates the inner portion the 
Gulf from the outer, the sill depth of tiie ridge being about 200 m. Innde 
of the ridge lies a deep trench between the peninsula of Lower California 
and the island of Angel de la Guardia. 

The character of the waters in the Gulf is shown in table 83, containing 
temperature, salinity, and oxygen at three stations: station B 305 in 

Tablk 83 

TEMPERATURE, SALINITY, AND OXYGEN IN AND NEAR THE GULF 

OF CALIFORNIA 

{ButhneU Station off the entrance to the Gulf and E. W. Scrippt Stations in the Gulf) 



BushneU 305 

E. W. Scrippt VII.27 

E. W. Scrippt VII-53 


March 24, 1030 

March 4, 1030 

March 10, 1030 
28‘46.5'N, 113‘08'W 

Depth 

(m) 

2o*oo'N. losne'w 

26«21’N, 110’46'W 










Temp. 

S 

0, 

Temp. 

s 

Oi 

Temp. 

s 

0, 



CC) 

(®/ oo) 

(ml/ii) 

CC) 

(•/..) 

(ml/L) 

(“O 

(•/..) 

(ml/^) 

0 

23.78 

34.88 

5.06 

15.95 

35.22 

5.37 

15.80 

85.12 

5.43 

25 

22.00 

35.02 

5.20 

15.45 

.16 

4.87 

14.06 

.07 

4.90 

fiO 

17.22 

34.70 

1.45 

15.34 

.15 


13.^1 

.08 

4.27 

100 

13.15 

.78 


13.44 

34.82 


13.11 

.01 

3.13 


11.50 

.75 



.78 

0.25 

12.50 

84.05 

2.32 

400 

8.71 

.55 



.65 


11.83 

.84 

1.68 

600 

6.60 

.52 


7.26 

.52 

tsi 

11.50 

.83 

1.58 


5.45 

.52 

BiS 

5.54 

.52 

189 

11.34 

.80 

1.53 

1000 

4.70 

.52 


4.46 

.52 

tiyw 

11.18 

.70 

0.96 

1500 

3.10 

.68 

1.01 

2.89 

.61 


(10.98 

.76 



2.21 

.63 

1.84 

2.52 

.60 

1.26 




2500 

1.85 

.66 


(2.56 

.62 

1.28)* 




3000 

1.82 

.65 

2.46 








• AtlSrOm. »At2400m. 


20‘*00'N off the entrance to the Gulf, station EWS Vn-27 in the middle 
portion of the Gulf, and station EWS VII-53 in the trench south of 
Angel de la Guardia. In March, when the stations were occupied, the 
surface temperatures in the Gulf were lower than those off the entrance, 
the difference being due to cooling by northwesterly winds and to local 
upwellihg. The salinity, on the other hand, was higher in the Gulf owing 
to excessive evaporation. Between depths of 100 and 1600 m the waters 
in ^e middle portion of the Gulf were nearly identical with those off the 
entrance. Some differences were found at 2000 m and 2400 m because 
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station EWS VII>27 was located in one of the basins, the sill depth of 
which was probably about 1500 m. In the trench to the north of the 
transverse ridge, basin conditions existed from a depth of about 200 m 
and to the bottom. The bottom water, which had a temperature of 
about 11* and a salinity of 34.76 V«o, was probably formed by mixing of 
water flowing in across the sill with water sinking from the surface during 
periods of excessive cooling and evaporation. The admixture of surface 
water is indicated by the higher oxygen content as compared to the oxygen 
content of the water in the middle portion of the Gulf. 

During the cruise of the E. W. Scripps in 1939 A number of stations 
were occupied in the shallow northern portion of the Gulf. The most 
northern station was located at a distance of about 70 km from the 
mouth of the Colorado River where the depth to the bottom was 60 m. 
In this locality the influence of fresh water from the Colorado River was 
not perceptible, the surface salinity being 35.31 Voo, whereas the highest 
surface salinity, 35.50 Voo, was observed at the neighboring station only 
about 35 km to the southeast. 

No well-defined exchange of water between the Gulf and the adjacent 
parts of the Pacific Ocean could be established. It is probable that such 
an exchange takes place by irregular currents in the upper layers and by 
a slow inflow of deep water and outflow of surface water. 

Beeino Sea. In the deeper portions of the Bering Sea the w^ter 
masses are similai- to those in the subarctic region of the North Pacific, 
as is evident from table 84, showing temperatures, salinities, and oxygen 
values at stations on the south and the^orth sides of the Aleutian Islands 
and at a third station about 240 km to the north of the Aleutian Islands. 
Below a depth of about 200 m the water masses at those three stations 
were practically identical. At 200 m the temperature shows a minimum 
at all stations but, according to the more detailed original observations, 
the lowest temperatures were found somewhat above 200 m. At the 
two northern stations an oxygen maximum appeared at the depth of the 
temperature minimum and at the southern station the oxygen content 
was high. This situation suggests that the depth of the intermediate 
temperature minimum represents the depth to which convection currents 
reach in winter. Such a layer of minimum temperature has been estab- 
lished at a number of stations in the subarctic region and lower tempera- 
ture values have been observed further toward the west, where winter 
cooling is more intense. 

The shallow shelf areas in the eastern and northern part of the Bering 
Sea are covered by water of a considerably lowered salinity owing to 
dilution by runoff from the large Alaskan rivers. The influence of the 
waters of the Yukon River is particularly conspicuous. In summer 
warm water of low salinity is found along the northeastern coast of the 
Bering Sea and this water continues through Bering Strait into the Polar 
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Sea, where it can be traced for some distance along the coast of nmrtii'* 
west Alaska. 

Some of the water that flows into the Bering Sea around the Aleutian 
Islands contributes in summer to the current which flows through Boring 
Strait (see p. 655), but the major amount of water turns around and flows 
south along the coast of Kamchatka, reaching the northern of the ^apan> 
ese Islands as the cold Oyashio (Barnes and Thompson, 1938). 

Table 84 

TEMPERATURE, SALINITY, AND OXYGEN AT ONE STATION TO THE 
SOUTH OP THE ALEUTIAN ISLANDS AND AT TWO STATIONS 
IN THE BERING SEA 
{Buthnell MSS; Barnes and Thompson, 1938) 



Station B«a, 

1 

Station G<,8, 

Station C-107, 


August 18, 1934, 

June 13, 1933, 

August 21, 1934, 
56*(M'N, 168“49'W 

Depth 

(m) 

50‘’30'N, 175n6'W 1 

52®37'N, 177“20'W 










Temp. 

s 

0, 

Temp. 

s 

O 2 

Temp. 

S 

0 , 



CC) 

(Voo) 

(ml/L) 

("G) 

(Vo.) 

(ml/L) 

(*C) 

(Voo) 

(ml/L) 


10.91 

32.92 

6.24 

6.57 

33.28 

8.85 

9.77 


6.33 

25 

10.50 

.87 

6.40 

4.13 

.33 

6.82 

5.52 

.94 

5.36 

50 

0.00 


7.22 

3.86 

.31 

5.65 

4.26 

33.12 

4.90 

100 

3.48 

.12 

7,10 

3.54 

.37 

5.07 

3.77 

.31 

4.32 

200 

3.11 

.75 

2.60 

3.25 

.46 

5.40 

3.20 

.46 

4.36 

400 

3.42 

34.13 

0.63 

3.43 

.87 

2.08 

3 44 

.86 

2.21 

600 

3.22 

.22 

0.46 

3.31 

34.09 

1.10 

3.27 

34.13 

0.90 

800 

2.98 

.34 

0,44 

3.11 

.23 

0.62 

3.04 

.25 

0.63 

1000 

2.74 

.44 

0.58 

2.oS9 

.34 

0.65 

2.79 

.38 

0.52 

1500 

2.17 

.52 

0.96 

2,Jl 

.49 

0.74 




2000 

1.88 

.58 

1.64 

1.91 

.58 

1.19 




2500 

1.72 

.59 


1.70 

.63 1 

1.67 




3000 

1.61 

,64 


1.61 

.65! 

1.81 





Okhotsk Sea. The few data available from the Okhotsk Sea 
(Kriimmel, 1911) show that in winter excessive cooling of the waters 
takes place such that even in summer the temperature at a depth of 100 
to 200 m is as low as — 1.4*’. The salinity of the water is also low, being 
about 33.1 Voo. It is probable that the cold intermediate layer of the 
Okhotsk Sea flows out between the Kurile Islands and contributes to. 
the maintenance of the layer intermediate temperature minimum in the 
northwratem part of the Pacific and in the Bering Sea; but there is no 
evidence that the salinity of the water in the Okhotsk Sea in winter is 
increased so much by freezing that bottom water is formed, nor does any 
such formation take place in Bering Sea. One finds, therefore, no region 
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In thn North Padfio in which prooeases go on similar to those which lead 
to the formatimi of bottom water in the Antarctic (p. 611), or nmilar to 
those which produce bottom water in the North Atlwtio (p. 664). 

Japan Sba. The Japan Sea is a basin in which the greatest depth is 
about 3700 m. The deepest sill is found in the Tsushima Strait between 
Korea mid Japan, where the maximum depth is about 150 m. In the 
Japan Sea (Suda and Hidaka, 1932, Uda, 1934) above 400 m there exists 
a striking contrast between the waters along the west coast of Japan and 
those along the east coast of Korea. A branch of the Kuroshio, the 
Tsushima Current, flows into the Japan Sea and^uries water of high 
temperature and high salinity toward the north. Branches of the cur^ 
rent flow out through the straits between the northern Japanese islands 
and part of the water continues along the west side of Sakhalin Island, 
turns around, and flows south after having been cooled and diluted. 
The contrast between the waters on the east and the west sides of the 
Japan Sea is shown by the data in table 85. Schott (1935) points out 
that the cold water along the mainland side cannot come from the Okhotsk 
Sea through the narrow strait between the Asiatic coast and Sakhalin 
Island, because the strait at its narrowest is only 6.7 km wide and 12 m 
deep. The cold water must therefore have been formed in the Japan 
Sea by excessive cooling in winter and must have been diluted by river 
water. The water below a depth of about 400 m is of a temperature 
slightly above 0** and a salinity a little above 34.0 Voo. 


Tablb 85 

TEMPERATURES AND SALInITIES IN THE JAPAN SEA 
{Syunpu Mont) 


Depth 

(m) 

East side, August, 1030, 41"N, 
140^E; sounding, 887 m 

West side, July, 1930, 41®N, 
132”E; sounding, 3300 m 

Temp. 

■(•c) 

s 

(•/..) 

Temp. 

CC) 

s 

(V..) 

0 

27.00 

(32.68) 

19.30 

33.73 

25 

22.04 

34.14 

5.35 

.98 

50 

17.73 

.36 

2.58 

34.00 

100 

12.45 

.47 

1.23 

.00 

150 

9.30 

.30 

0.74 

.01 

200 

6.54 

.16 

0.50 

.02 

400 

0.91 

.04 

0.24 

.04 


0.19 

.03 

0.18 

.07 


0.16 

.02 

0.13 

.11 

1000 



0.16 

.11 

1500 



0.15 

.06 
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On a small scale the Japan Sea is comparable to the Arctic MecUter' 
ranean, into which flows a branch of the North Atlantic Current canyii^ 
warm water of high salinity which is cooled and diluted so that the out* 
flowing current carries cold water of low salinity. The contrast between 
the eastern and western sides of the Japan Sea corresponds to the contrast 
between the eastern and western sides of the Norwe^an Sea and also to 
the contrast between the eastern and western sides of the Labrador Sea. 
The main difference is that no great outflow of cold water takes place from 
the Japan Sea; the cold water on the western side is mainly part of an 
eddy. 

YelIiOW Sea and East China Sea. In both of these the surface 
salinity is greatly reduced by runoff from rivers, and temperature and 
salinity alike are subjected to great annual variations. The waters are 
shallow and the processes that take place have small bearing on conditions 
at greater distances from the coast. 

South China Sea. In the South China Sea, between the Philippine 
Islands and the Asiatic mainland, a basin is found within which the 
greatest depths exceed 4600 m and which is in communication with 
the adjacent part of the Pacific Ocean through the passage between the 
Philippine Islands and Formosa, where the sill depth is between 2500 
and 3000 m. Table 86 contains observations of temperature, salinity, 
oxygen, and computed potential temperatures at a Dana station located 

Table 86 

TEMPERATURE, POTENTIAL TEMPERATURE, SALINITY, AND OXYGEN 
AT STATIONS IN THE SOUTH CHINA SEA AND IN THE 8ULU SEA 

(Dana) 


Depth 

(m) 

Dana 3714, May 20, 1029, 15*22'N, 
115*20'£; sounding, 4240 m 

Dana 3685, April 4, 1929, 7*22'N, 
I21‘’16'N; sounding, 4825 m 

Temp. 

e 

S 

o, 

Temp. 

B 

S 

Of 


CC) 

CC) 

(V..) 

(ml/L) 

CC) 

CC) 

Voo 

(mlyi<) 

0 

50 

20.54 

24.07 

29.54 
24.06 1 

33.73 

34.04 

4.57 

27.08 

24.37 

27.08 

24.36 

34.08 

.16 

3.67 

100 

18.66 

18.64 

.62 

2.33 

20.93 

20.91 

.31 

2.17 


14.46 

14.43 

.60 

2.44 

14.56 

14.53 

.51 

1.74 

400 

9.94 

9.85 

.48 

2.23 

11.47 

11.41 

.51 

.69 

1000 

4.38 

4.30 

.66 

1.86 

10.11 

9.98 

.60 

.48. 

1200 

3.68 

3.49 

.60 

.83 

.10 

.95 

.49 

.42 


2.63 

2.38 

.58 

.89 

.14 

.88 

.51 

.33 

3000 

.38 

.13 

.63 

2.47 

.28 

.86 

.51 

.40 


.44 

.08 

.63 

.60 

.42 


.49 

.48 

4760 



1 


.66 

.86 

.60 

.46 
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in the central portion of the South China Sea. In the upper layers the 
salinity is lower than it is further east, owing to admixture of river water, 
but at depths between 200 and 3000 m the water is of the same character 



Fig. 208. Upper: Basins of the East Indian Archip>elago, and direction from 
which the basin waters are renewed. Lower: Direction of renewal and potential 
temperature and salinity of the basin waters along the heavy line in the upper figure 
(according to van Rid). 

as that of the adjacent parts of the West Pacific, whereas below 3000 m 
basin conditions exist, the temperature increases toward the bottom, and 
the splinity remains constant. The increase in the temperature is not 
sufficiently great to cause instability because the potential temperature 
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decreases sU^tiy. The oxygen content is neaiiy constant below 3000 m, 
whereas in the open ocean it increases below that depth. 

The Waters of the East Indian Archipelago. Detailed examina> 
tion of the waters of the East Indian Archipelago has been conducted on 
the SneUius expedition, and the following summary is based mainly on 
van Riel’s discussions (1932b, 1934, 1938). In fig. 208 are shown the 
numerous basins which are found in this region of highly complicated 
bottom topography, also the direction from which the renewal of water 
in these basins takes place. The names of the basins and their probable 
sill depths and maximum depths are listed in table 87. The flow of the 
surface water, according to van Riel (1932b), is also approximately in the 
direction of the arrows. The high-salinity water, which in the western 
Pacific is found at depths between 100 and 200 m, flows into the seas 
between the East Indian Islands, where the thickness of the high-salinity 
layer decreases in the direction of flow and the maximum salinities are 
reduced. Between Borneo and Celebes the layer of maximum salinity 
disappears in about lat. 2**S, but to the west of New Guinea it can be 
followed to about 8®S. In the southwestern portion of the areas under 
consideration, then, a region exists without an intermediate salinity 
maximum and with low-salinity water in the upper layers. 

From the arrows in fig. 208 it is evident that the water in the deep 
basin in the Sulu Sea is renewed from the north by inflow of water from 
the South China Sea. The sill depth between the South China Sea and 
the Sulu Basin is probably about 400 m, and the water passing the sill 
has a potential temperature of about 9.9° and a salinity of about 34.50 Voo. 
These conditions are illustrated by the observations at Dana station 
3685 in the Sulu Sea (table 86), from which it is seen that in the Sulu Sea 
the temperature increases with depth below 1200 m but the potential 
temperature decreases slightly except in the lower 1000 m. The oxygen 
content is somewhat lower than that of the South China Sea, and remains 
practically constant between 500 and 5000 m. 

In all of the other basins shown in fig. 208 except the Timor Trench 
and the Sunda Trench, renewal of the deep water in the basins takes place 
from the Pacific Ocean. The potential temperature and the salinity of 
the water in the different basins is directly related to the manner of 
renewal and to the type of communication that exists. At the bottom 
of the figure is shown schematically how the renewal takes place in the 
series of basins joined by the heavy line in the upper part of the figure. 
The potential temperatures and the salinities at or directl}' below the sill 
depths are entered. 

In all basins examined on the Snellitis Expedition, a layer of minimum 
temperature was found a little below the mU depth across which renewal 
takes place. Below the layer of minimum temperature a small increase 
toward the bottom was observed, but this increase was in all instances 
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aomewhat less t^n the adiabatic one, so that the potential tonperature 
decreased toward the bottom. The salinity of the water in the 
appears to be so constant that the greatest observed differences, amount* 


Tablx 87 

BASINS AND TRENCHES IN THE EAST INDIAN ARCHIPELAGO 
(According to van Riel, 1934) 


Number* 

Name 

Sill 

depth 

(m) 

Maxi- 

mum 

depth 

(m) 

Observed minimum 
temperature 

Salinity 
of deep 
water 

CM 

m 

Depth 

(m) 

I 

Sulu basin 

400 

5580 

10.08 

1225 

34.49 

II 

Mindanao trench 


10500 

1.56 

3490 

.63 

HI 

Talaud trough 

3130 

3450 




IV 

Sangihe trough 

2050 

3820 

2.40 

2550 

.64 

V 

Celebes basin 

1400 

6220 

3.58 

2475 

.56 

VI 

Morotai basin 

2340 

3890 

1.81 

2490 

.65 

VII 

Temate trough 

2710 

3450 

1.85 

2761 

.67 

VIII 

Batjan basin 

2550 

4810 

2.06 

2970 

.66 

IX 

Mangole basin 

2710 

3510 




X 

Gorontalo basin 

2700 

4180 

2.20 

2740 

^63 

XI 

Makassar trough 

2300 

2540 

3.59 

2133 

.58 

XII 

Halmahera basin 

700 

2039 

7.76 

1839 


XIII 

Boeroe basin 

I88p 

5319 

3.02 

3240 

.61 

XIV 

Northern Banda basin 

3130 

5800 

3 04 

2990 

.62 

XV 

Southern Banda basin . . . 

3130 j 

5400 

3.06 

2720 


XVI 

Weber deep 

3130 

7440 

3.07 

2990 

.61 

XVII 

Manipa basin 

3100 

4360 

3.10 

3185 

.60 

XVIII 

Ambalaoe basin 

3130 

5330 

3.08 

3235 

.61 

XIX 

Aroe basin 

1480 

3680 

3.90 

2240 

.65 

XX 

Boetoeng trough . 

3130 

4180 




XXI 

Salajar trough 

1350 

3370 

3.86 

1750 


XXII j 

Flores basin 

2450 

5130 

3.22 

2480 

.61 

XXIII 

Bali basin 


1590 

3.58 

1488 

.61 

XXIV 

Sawoe basin 

2100 

3470 

3.39 

2360 

.61 

XXV 

Wetar basin 

2400 

3460 

3.16 

2500 

.61 

XXVI 

Timor trench 

1940 

3310 

2.67 

2254 

.71 

XXVII 

Sunda trench 


7140 

1.18 

4230 

.71 


* Numbers refer to fig. 208. 


ing to 0.02 Voo, lie inside the experimental error of the determinations. 
Stable stratification prevailed, then, and no evidence was found of 
mstability which might be caused by heating from the interior of the 
earth. In most basins the bottom water contained appreciable amounts 
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of ojQTgen, but in some small basins of shallow sill depth the bottom water 
contained no oxygen but considerable qiianUtke of hydrogen sulphide. 

The water in the Timor and Sunda Trenches originates from the 
Indian Ocean, as is evident from the high salinity of the water, 34.71 •/•• 
in contrast to values between 34.60 Vm and 34.66 Voe m all the other 
basins of the Archipelago. 

The classical example on adiabatic increase of the temperature 
toward the bottom is found in the Mindanao Trench (the Philippines 
Trench), on the east side of Mindanao, in which a> depth in excess of 
10,000 m has been recorded. From the somewhat uncertain observations 
of the Planet in 1907-1908, Schott (1914) concluded that the adiabatic 
temperature increased toward the bottom and that the stratification was 
unstable, but Wtist (1929) showed that the observations could be inter- 
preted differently and that indifferent equilibrium probably exists. His 

TabiiK 88 

TEMPERATURE, POTENTIAL TEMPERATURE, AND SALINITY IN THE 

MINDANAO TRENCH 

(Snetttus sUtion 262, May 15-16, 1030, a*40'N, 126”61'E, sounding, 10,068 m) 


Depth 

Temp. 

$ 

s 

(m) 

CC) 

\ CC) 

(•/..) 

2,470 

1 82 

1 65 

34 64 

2,070 

3,470 

1 66 

1 44 

.66 

1 58 

1 31 

67 

8,970 

1 59 

1 26 

.67 

4,460 

1 64 

1 25 

.67 

5.450 

6.450 

I 78 

1 26 

.67 

1 92 

1 25 

67 

7,450 

2 08 

1 24 

68 


2 28 

1 22 

69 

10,085 

2 48 

1 16 

67 


conclusion has been confirmed by observations on the Sndliua Expedition, 
according to which the potential temperature actually decreases slightly 
with depth, whereas the observed differences in salinity are within the 
limits of the experimental errors. An extract from the SndUue observa- 
tions in the Mindanao Trench is {d^en in table 88. Thus, stable strati- 
fication appears to exist even in the deepest troughs, but a state of 
indifferent equilibrium u closely approached. 

The Water Mqsms of the Oceensi A Summary 

In fip. 209A and 209B are shown the characters of the water masses 
that have been discussed, their repons of formation, and their distribu- 
tion. The chart in fig. 209A and the TS curves in fig. 209B should 














Pig. 209A. Approximate boundaries of the upper water masses of the ooean. Squares indicate the regions in wliich the central water masses are 
formed; crosses indicate the lines along which the antarctic and arctic intermediate waters sink. 
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^ater masses of the oceans. 
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together illustrate the concepts that water masses are formed at the sea 
surface and sink and spread in a manner that depends upon their denmty 
in relation to the general distribution of density in the oceans This 
applies to all water masses except the equatorial water masses of the 
Indian and Pacific Oceans, which are formed by subsurface processes of 
mixing. 

With the exception of two water masses found at intermediate depths 
and to which we shall return, no water mass is formed at the sea surface 
in low latitudes, but in all oceans the regions o£;^the subtropical con- 
vergences (between 35*^ and 40°S and between 3fi"N and 40°N) are 
regions where the central water masses originate. This concept is based 
on the fact that in certain seasons of the year the horizontal T-S relations 
in these regions are umilar to the vertical T-S relations of the different 
central water masses. These relations are all expressed on a T-S diagram 
by nearly straight bands, but the slopes vary from one ocean region to 
another. Table 89 contains the average salinities of the central water 
masses at different temperatures and the maximum deviations from the 
averages, according to the curves in fig. 209B. It is seen from the table 
and the figure that the central water masses of the South Atlantic, the 
Indian, and the western South Pacific Oceans are very similar, as should 
be expected, because they are formed in regions in which the exte;j;nal 
influences, that is, the atmospheric circulation and the processes of heat- 
ing and cooling, are similar. The corresponding water mass of the eastern 
South Pacific is of lower salinity, probably because of admixture of the 
low-salinity Subantarctic Water of (he Peru Current. Such admixture 
may also be responsible for the fact that the Central Water of the western 
South Pacific has a slightly lower salinity than the Central Waters of the 
Indian and South Atlantic Oceans. 

The Central Waters of the North Atlantic and the North Pacific 
Oceans are quite different, the former having a very high and the latter 
a very low salinity. The contrast probably results from the different 
character of the ocean circulation and from the differences in the amounts 
of evaporation and precipitation, especially in high latitudes, which are 
intimately related to the distribution of land and sea. 

The central water masses are ^ of small vertical extension, partic- 
ularly in the North Pacific Ocean where their thickness over large areas 
is only 200 to 300 m. In all oceans the greatest thickness of the central 
water masses is found along the western boundaries; it reaches 900 m 
in the Sargasso Sea repon of the North Atlantic. 

In the equatorial part of the Atlantic Ocean the two Central Water 
masses are separated by a repon of transition where the T-S relation is 
intermediate, but in the Pacific the Central Water masses are separated 
by a wdl-defined water mass, the Pacific Equatorial Water. From the 
T-S curves in fig. 209B it is evident that this water mass is formed in the 
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South Pacific because it is suoilar to the water masses of that ocea&i but 
it has a higher salinity than any of the water masses of the North Pacific. 
In the northern part of the Indian Ocean a corresponding Equatorial 
Water mass is present, which at a temperature of 15® or higher is of the 
same salinity as that of the Pacific, but at lower temperatures it is of a 
higher salinity. The higher salinities indicate admixture of Red Sea 
water, but in general the manner in which the water mass is formed is 
not clear. 

The central and equatorial water masses are, covered by a surface 
layer 100 to 200 m thick, within which the tempei^ture and the salinity 
of the water vary greatly from one locality to another, depending upon 
the character of the currents and the exchange with the atmosphere, and 
within which great seasonal variations occur in middle latitudes. A 
discussion of the surface layer is not included in this summary. The 
surface layer, the central water masses, and the upper portions of the 
equatorial water masses together form the oceanic troposphere (p. 141). 

The Subantarctic Water occurs between the central water masses 
of the southern oceans and the Antarctic Convergence. This water has 
nearly the same character all around the earth, and is therefore considered 
as belonging to the waters of the Antarctic Ocean (p. 606). The Sub- 
antarctic Water is of low salinity and is probably formed by mixing and 
vertical circulation in the region between the Subtropical and the 
Antarctic Convergences. In the North Atlantic the corresponding 
Subarctic Water is found in a small region only and is of relatively high 
salinity, but in the North Pacific'll is of wide extension and of low 
salinity. The Subarctic Water must be formed by processes which 
differ from those that maintain the Subantarctic Water. In the southern 
oceans the Antarctic Convergence represents a continuous and well- 
defined southern boundary of the Subantarctic Water, but in the northern 
oceans the corresponding Arctic Convergence is found in the western 
parts of the oceans only, and in large areas there exists no marked 
northern boundary of Subarctic Waters. This contrast between south 
and north must be related to the differences in the distribution of land 
and sea and is reflected in the character of the waters. The Subarctic 
Waters are similar to the corresponding Arctic Intermediate Waters, 
but the Subantarctic Water is distinctly different in character from the 
Antarctic Intermediate Water. 

Below the central water masses the intermediate waters are found in 
all oceans. The Antarctic Intermediate Water is the most widespread. 
This water, in contrast to the central waters, sinks along a well-defined 
line, and the water which leaves the surface is not a water mass but a 
water type^ which, all around the Antarctic Continent, is characterized by 
a salinity of 33.8 Voo and a temperature of 2.2®. After sinking, the water 
spreads to the north, mainly between the ot surfaces et « 27.2 and 
ct « 27.4, and mixes with the over- and underlsdng waters. In this 
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manner a toaier mass is fonned, characterised by a salinity iwiwIithiih 
which, with increasing distance from the Antarctic Convergence, becomes 
less and less pronounced. In the Atimitic Ocean, in which an equatorial 
water mass is lacking, the salinity minimum of the Antarctic Inter* 
mediate Water extends across the Equator and can be traced to about 
20"N, but in the Indian and South Pacific Oceans the Antarctic Inter* 
mediate Water reaches only to about 10“S. In the Pacific Ocean a 
salinity minimum in the Equatorial Water can be interpreted as showing 
the last traces of the Intermediate Water. 

In the North Atlantic the corresponding Arctic Intermediate Water 
is fonned to the east of the Grand Banks of Newfoundland, but probably 
in small quantities because it appears only in a limited area of the north- 
west Atlantic. In the North Pacific Ocean the Arctic Intermediate 
Water, on the other hand, is present between lat. 20°N and 43*’N, except 
off the American west coast where the Subarctic Water flows south. 
This Intermediate Water is probably formed mainly to the northeast of 
Japan, but it is added to off the American west coast, where at a depth 
of 500 to 600 m Subarctic Water spreads below the intermediate water 
that originates further to the west. Correspondingly, two salinity 
minima are found in that region (fig. 200, p. 715, and fig. 202, p. 717). 

Two other intermediate water masses are of importance, namely 
those formed in the Atlantic and the Indian Oceans by addition of 
Mediterranean and Red Sea water, respectively. The Mediterranean 
water that flows out along the bottom of the Strait of Gibraltar has a 
salinity of 38.1 Voo and a temperature of 13.0°, but it is rapidly mixed 
with surrounding Atlantic water and spreads mainly between the tr, 
surfaces vt = 27.6 and ot = 27.8, that is, below the Antarctic Inter- 
mediate Water. It can be traced over wide areas by an intermediate 
salinity maximum. The spreading of the Red Sea water is not so well- 
defined, but over large parts of the equatorial and western regions of the 
Indian Ocean the Red Sea water is recognised by a salinity maximum at 
a O’, value of about 27.4. 

Below the intermediate water the deep ocean basins are filled by deep 
and bottom water, the marimum densities of which vary from v, = 27.90 
in the North Atlantic to 27.75 in the North Pacific. These water masses 
are formed in high northerly latitudes in the Atlantic Ocean and in hi|di 
southerly latitudes close to the Antarctic Continent in the Weddell Sea 
area, and to the south of the Indian Ocean. The spreading of these water 
masses will be dealt with in the following discussion of the deep-water 
circulation of the oceans. 

The Dfep-woter Circulation of the Oceans 

In the preceding sections reference has frequently been made to tire 
deep and bottom waters of the different oceans, the character of which 
is illustrated in figs. 161, 168, 183, 189, 19&, 196, and 199. 
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Table 90 

TEMPERATURE, SALINITY, AND OXYGEN CONTENT BELOW 2000 
METERS AT SELECTED STATIONS 

(Met » Meteor, Ail AtlanlUt Da « Dana, B.A.E. <» B.A.N.Z. Antarctic Research 
Exp^., Di — Dtecowery, B » Bushnell^ EWS » E. W. Scrtppe) 


Atlantic Ocean, and Atlantic Antarctic Ocean 



Met 127 

Atl 1223 

Met 279 

Depth 

March 12, 1935 

April 19, 1932 

March 17, 1927 

(m) 

50®27J 

5'N, 40*14.5'W 

33n9'N, esns'w 

lOne'N, 27*27'W 


“C 

S®/ 00 

o. 

mm 

S®/ 00 

mm 

mm 

S®/oo 

0, 


3.32 

34.92 

6.30 

3.62 

34.97 

6:08 

3.54 

34.98 

5.07 


.22 

.93 

.26 

.37 

.97 

.04 

.11 

.96 

.30 


2.97 

.93 

.17 

2.95 

.96 

5.99 

2.76 

.94 

.27 

8500 

.63 

.95 

.28 

.61 

.94 

6.03 

.49 

.92 

.32 


.38 

.95 

.34 

.45 

.92 

.06 

.39 

.89 

.42 


— 

— 

— 

.64 

.90 

5 88 

— 

— 

— 

Depth 

(m) 

Met 86 

Met 135 

Met 129 

Dec. 4, 1925 

March 7, 1926 

Feb 

22-23, 1926 

32*49'S, 40^0rW 

39‘46'S, 22 n 2 'E 

68‘’53'S, 4‘’54'E . 


2.97 

34.77 

4.71 

2.68 

34.76 


-0.26 

34.67 

3.37 


3.10 

.90 

5.53 

.54 

.82 

.99 

-0.36 

.67 

.52 


2.86 

.92 

.65 

.32 

.81 

5.14 

-0.42 

.66 

.59 

3500 

.15 

.89 

.46 

1.93 

.80 

.04 

-0.51 

.65 

.67 

4000 

0.77 

.69 

4.88 

.42 

.78 

4.97 

-0.55 

.64 

.79 


TiTjrrir'Tvrrri! n w 



Da 3917 

B.A.E. 75 

Di 858 

Depth 

Dec. 5, 1929 


April 24, 1932 

(m) 

r45'N. 71 WE 


eonO'S, 63'*65'E 


KB 

SVo. 

o. 


sv~ 

o, 

•c 

S®/oo 

o, 


2.68 

I2S| 

— 

2.70 

34.60 

— 


34.72 

4.41 


.09 

IlKl 

3.22 

.28 

.68 

— 

.63 

.70 

.51 


1.84 

Ki 

2.78 

1.93 

.72 

— 

.34 

.68 

.48 

3500 

.66 

.75 

3.17 

.59 

.73 

— 

.11 

.68 

.66 


.71 

.74 

.61 

.25 

.74 

— 

BEZI 

.67 I 

.77 


Pacific Ocean, and Antarctic Pacific Ocean 



B 

EWS VIlI-77 

Da 3745 

Depth 

Aug. 18, 1934 

July 3, 1939 

July 8, 1929 

(m) 

60*30'N, 178*16'W 

28*02'N, 122WW 

3'18'N, 129‘02'E 


mm 

SVm 

0, 

mm 

8V~ 

0, 

*C 

SVw 

0. 


1.88 

34.58 

1.64 

2.13 

34^61 

1.89 

2.24 

Bit Wi 

2.56 

2500 

.72 

.59 

2.20 

1.83 

.63 

2.44 

1.86 


.82 


.61 

.64 

.58 

.65 

.64 

.72 

.65 


3.15 

3500 

.50 

.68 

3.00 

.55 

.67 

3.00 

.62 

.70 

.26 

HHEIuSHH 

— 


— 

— 

— 

— 

.57 

.70 

.27 


Da 3561 

Da 3628 

Di 950 

Depth 

Sept. 24, 1928 

Dec. 15, 1938 


(m) 

4WS, 116®46'W 

31*25'S, 176®25'W 



mm 

S®/oo 

0, 

H3i 

8*/.. 


•c 

sv«. 

0, 


2.30 

34.63 

2.53 

2.42 

34; 60 

3.32 

1.70 

34.73 

4.27 


.01 

.64 

.75 

.16 

.64 

.25 

.34 

.73 

.33 


1.84 

.65 

.86 

1.89 

.68 

.75 

.09 

.72 

.87 



.66 

.96 

.49 

.72 

4.27 

0.91 

.71 

.20 

4000 

.64 

.67 

3.00 

.22 

.72 

.52 

.87 

.70 

.06 

5000 

— 


— 

.02 

.71 

.55 

— 

— 

— 
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The manner in which the deep and bottom water is formed has been 
discussed (p. 138), and certain statements as to the deep>water circulation 
have been made, but so far no general review of the deep-water circulation 
has been presented. Table 90 has been prepared in order to facilitate 
such a review. It contains temperatures, salinities and oxygen values 
of the deep and bottom water at fifteen selected stations, six in the 
Atlantic, three in the Indian and six in the Pacific Ocean, including tbe 
adjacent parts of the Antarctic Ocean. The content of this table will 
not be dealt with separately but must be examined as the discussion 
proceeds. 

In order to understand the deep-water circulation, one has to bear 
in mind that deep and bottom waters represent water the density of 
which became greatly increased when the water was in contact with the 
atmosphere, and that this water, by sinking and subsequent spreading, 
fills all deeper portions of the oceans. The most conspicuous formation 
of water of high density takes place in the subarctic and in the antarctic 
regions of the Atlantic Ocean. The deep and bottom water in all oceans 
is derived mainly from these two sources, but is to some extent modified 
by addition of high-salinity water flowing out across the sills of basins 
in lower latitudes, particularly from the Mediterranean and the 
Red Sea. 

In the North Atlantic Ocean, North Atlantic Deep and Bottom 
Waters flow to the south, the flow being reinforced, and the upper deep 
water being modified, by the high-salinity water flowing out through the 
Strait of Gibraltar. The newly formed deep and bottom water has a high 
oxygen content which decreases in the direction of flow. Figure 210 
and the values given in table 90 demonstrate the character of these 
waters and show particularly the increase in salinity at moderate d^th 
caused by addition of Mediterranean water. Antarctic Bottom Water 
flows in the opposite direction, from south to north, and has been traced 
beyond the Equator to lat. 35°N (Wtist, 1935). The spreading to the 
north of the Antarctic Bottom Water is illustrated in fig. 211, showing 
the potential temperatures below a depth of 4000 m. Owing to admixture 
of this water the salinity of the bottom water of the North Atlantic 
decreases toward the south. 

The North Atlantic Deep Water crosses the Equator and continues 
toward the south above the Antarctic Bottom Water. On the other 
hand, it sinks below the Antarctic Intermediate Water and ther^ore, in 
the South Atlantic Ocean, it becomes sandwiched between the Antarctic 
Interpiediate Water and the Antuctic Bottom Water, both of which 
are of lower ssdinity. In a vertical section the deep water of the South 
Atlantic Ocean is ther^ore characterised by a salinity maximum, but, 
owing to mixing with the overiying and the underlying water, the abso- 
lute value of the salinity at the maximum decreases toward the soutii. 
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The bottom water of antarctic origin is colder than the deep #ater 
and to tiw south of about latitude 20°S the Antarctic Intermediate Water 
is also Colder. In a vertical section the deep water therefore shows a 



KfS «0f SO**/ 30* W* iO'SO’niO* Sf 30’ SO" ^TN 

Fig. 210. Vertical aectioiM showing distributionB of temperature, salinity, and 
oxygen in the Western Atlantic Ocean (after Wilst). 


temperature maximum and also a decreasing temperature to the south, 
owing to admixture from -above and from below. 

In the South Atlantic Ocean a large amount of water of antarctic 
origin, bottom water or intermediate water, returns to the Antarctic 
after having been mixed with the south-moving deep water. According 
to the computations which were discussed on pp. 465 and 629, the trans- 
port across the Equator of North Atlantic Deep Water amounts to 
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Fig. 211. Potential temperature at depths exceeding 4000 meters (after WOst). 
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about 9 million m'/seo, whereas betwemi 90** and 30^ the corresponding 
transport toward the south of deep water is about 18 million mVsec. If 
these figures are approximately correct they indicate that 9 million m* of 
water of antarctic origin return toward the Antarctic every second. An 
examination of the salinity in the South Atlantic Ocean at depths below 
1600 m confirms this conclusion. At the Equator the average salinity 
of the North Atlantic Deep Water between 2000 and 3500 m is approxi- 
mately 34.93 Vm< If this water is mixed with an equal amount of 
intermediate and bottom water of salinity appronmately 34.7 Voo. the 
salinity will decrease to 34.81 Voo, which app^ximates the salinity of 
the deep water in lat. 40**S. 

In sum, the deep-water circulation of the Atlantic appears to represent 
a superposition of two types of circulation: (1) an exchange of water 
between the North Atlantic and the South Atlantic Ocean which is of 
such a nature that North Atlantic Deep Water flows south across the 
Equator, whereas Antarctic Bottom and Intermediate Waters flow north; 
and (2) a circulation within the South Atlantic Ocean where large quan- 
tities of Antarctic Bottom and Intermediate Water mix with the south- 
fiowing deep water and return to the Antarctic. The final result of 
these processes is that the deep water reaching the Antarctic Ocean 
from the north is diluted as compared to the deep w'ater of the North 
Atlantic and is of a lower temperature. This is the water that con- 
tributes to the formation of the large body of Antarctic Circumpolar 
Water flowing around the Antarctic Continent. The oxygen content of 
Circumpolar Water is lower than t^t of the North Atlantic Deep Water 
and the Weddell Sea water, and decreases somewhat toward the east 
from Weddell Sea toward Drake Passage (see p. 621). The circulation 
that has been described is present in the western part of the South Atlantic 
Ocean, but in the eastern part it is impeded by the Walfish Ridge. 

In the Indian Ocean there is no large southward transport of deep 
water acaross the Equator. The T-S diagram in fig. 189 and the data in 
table 90 show that to the north of the Equator the deep water contains 
an admixture of Red Se« Water that maintains a relatively high salinity 
dowm to depths exceeding 3000 m, but to the south of the Equator the 
T-8 curves indicate only a slight effect of the Red Sea Water. In the 
southern part of the Indian Ocean an independent circulation must be 
present. The deep water from the South Atlantic Ocean continues into 
the Indian Ocean and is particularly conspicuous in the western part, 
where maximum salinities of 34.80 Voo have been observed. This water 
flows mainly toward the east, being somewhat diluted by admixtures of 
intermediate and bottom waters. On the other hand, Antarctic Inter- 
-mediate Water flows north and the bottom temperatures demonstrate 
that bottom water also moves north (fig. 211); these water masses must 
i-eturn again to the south. It is probable that the intermediate water 
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and the bottom water mix with the deep water and that the return flow 
takes place within the latter. A slight admixture of deep watw from the 
region to the north of the Equator, which is compensate for bottmn 
water penetrating across the Equator, appears to maintain the salinitsr 
of the Indian Ocean Deep Water at a higher level than would be the 
case if no addition of saline water took place. Thus the influence of the 
Red Sea can probably be traced to the Antarctic, but by a mechanism 
somewhat different from the one which has been suggested by Lotte 
Mdller (1929, 1933) and which has been discussed particularly by Thom- 
sen (1933, 1935). 

From the Indian Ocean the Antarctic Circumpolar Water with its 
components of Atlantic and Indian Ocean ori^n enters the Pacific Ocean. 
The Discovery and Dana observations in the Tasman Sea between 
Australia and New Zealand, and in the Pacific to the east of New Zealand, 
show that the salinity of the deep and bottom water has been reduced so 
much that the maximum values lie between 34.72 Voo and 34.74 Voo- 
These maximum salinities are found at depths between 2500 and 4000 m, 
the salinity of the water close to the bottom being sli^tly lower. From 
the refpon where the deep water enters the Pacific Ocean the salinity 
decreases both toward the north and toward the east. The Discovery 
data indicate that below the Antarctic Convergence a core of water of 
salinity higher than 34.72 V«o b found, which represents water of the 
Circumpolar Current; but to the north of this region of maximum salin- 
ity, values below 34.70 Voo prevml, increasing uniformly toward the 
bottom. The Carnegie and the Dana data similarly show that north of 
40^ the highest satinities are found near the bottom. The structure 
of the water masses of the Pacific differs completely, therefore, from that 
found in the other oceans, where the highest salinities are encountered 
in the deep water and not in the bottom water. 

This feature can be explained if one assumes that in the South Pacific 
Ocean there also exists a circulation which is similar to that of the South 
Atlantic and Indian Oceans, namely, that intermediate and bottom water 
flow to the north and that a flow of deep water to the south takes place. 
This north-south circulation is superimposed upon a general flow from 
west to east. The Pacific Deep Water is, therefore, of Atlantic and 
Indian origin but has become so much diluted by admixture of inter- 
mediate and bottom water that the salinity maximum has ^appeared. 
These conclusions as to the character of the deep-water circulation of the 
South Pacific are in agreement with the concept of Deacon (1937a), who 
has shown that the deep water of the Pacific moves toward the south and 
rises within the Antarctic region in a similar manner to that of the deep 
WLter of the Atlantic and Indian Oceans. 

The more or less dosed systems of the deep-water circulation in the 
Southwn Hemisphere between the Antaretic Ocean and the Equator are 
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rdated to the fact that near the Equator ocean currenta tend to flow 
in east^weet directions imd that transport water across the Equator 
takes place only when it is required to maintain the same sea levd in 
both hemispheres. Such is the case in the Atlantic Ocean, where deep 
water is formed m the Northern Hemisphere. The water that sinks in 
hiih latitudes or flows out of the Mediterranean Sea spreads at great 
depths, continues across the Equator, and is replaced by horizontal flow 
from the South Atlantic Ocean. In the Indian Ocean a similar mech> 
anism operates, but on a very small scale, because sinking takes place 
only in the Red Sea and the amounts of deep-frater formed there are 
small and exercise a significant influence only upon conditions to the 
north of the Equator. In the Pacific Ocean no mechanism exists that 
will give rise to a considerable exchange of water across the Equator, 
because conditions are such that no deep water is formed in the North 
Pacific. 


Table 91 


EXTREME AND AVERAGE VALUES OF SALINITIES AT STATIONS IN THE 
WESTERN PACIFIC BETWEEN LONG. 1S2*W AND iaO*E, LAT. 30*S 
AND 6‘N, AND AT STATIONS IN THE EASTERN PACIFIC 
BETWEEN LONG. 90*W AND 130“W, LAT. 5*S AND 30*N, 

WITH CORRESPONDING AVERAGE VA.JUES OF 
TEMPERATURE AND OXYGEN CONTENT 
(From data of Dana, BvthwM, and E. W. Serippt) • 


Western Pacific 


Depth 

(m) 

S, 

min. 

(Voo) 

S, 

max. 

(•/..) 

s 

(V«.) 

Temp. 

(*C) 
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Eastern Pacific 


On the other hand, continuity must exist between the South and the 
North Pacific, for which reason the depths of the North Pacific Ocean 
are filled by water of the same character as that found in the northern 
portion of the South Pacific (fig. 212). The most accurate data available 
indicate that a very small exchange of deep water takes place between the 
two hemispheres and that a slug^h motion to the north may occur on 
the western side of the Pacific Ocean, whereas a slug^h motion to the 
south may occur on the eastern side. A comparison of salinities at the 
depths of 2500, 3000, and 3500 m in the eastern and western parts of 
theNorth Pacific is found in table91,from which it is seen that thesalinity 
in the eastern part is about 0.02 */oo lower than that in the western. This 
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difference lies at the limit of the accuracy of the observations, but in tiie 
table the ranges of the observed vidues have ^o been entered and these 
ranges are not completely overlapping, for which reason the difference 
probably is significant. It can 1^ explained if the deep water of the 
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212. Vertical sections showing distribution of temperature, salinity 
I in the Pacific Ocean, approximately along the meridian of 170^W. 


North Pacific circulates slowly in a clockwise direction and if a slight 
renewal takes place on the western side, while on the eastern side small 
amounts are transported to the Southern Hemisphere. The lower 
salinity of the deep water on the eastern side would then be due to vertical 
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admixture of low-ealimty watw where the deep water croeses the Pacific 
OccMX. The slightly lower temperatures on the eastern side imficate 
that this admixture takes place in high latitudes. The oiQrgen content 
of the water substantiates tire conclusion that a slow clockwise circulation 
of the deep water is present in the North Pacific, because between 2500 
and 3500 m the average oxygen content at the Dana stations on the 
western side was 3.35 ml/L, whereas at the Dana, E. W. Scripps, and 
Buthndl stations on the eastern side the corresponding oxygen content 
was 2.62 ml/L. This difference can be interpreted to show that the 
oxygen content of the deep water has decreased dt^ring the long time taken 
to move from the western around to the eastern side of the ocean. 

In the preceding discussion the term "flow of water” has been used 
freely, but one has to deal actually with such slow and sluggish motion 
that the term "flow” can hardly be used, since the average velocities 
must often be measured in fractions of a centimeter per second. 

In conclusion it can be stated that appreciable exchange of deep and 
bottom water across the Equator takes place in the Atlantic Ocean only. 
It is rudimentarily present in the Indian Ocean and practically absent in 
the Pacific. Superimposed upon such an exchange between the hemi* 
spheres, independent circulations exist in the three southern oceans, 
because Antarctic Intermediate and Bottom Water return to the Antarc- 
tic as Deep Water. Tliis circulation is well established in the Atlantic 
Ocean, and in the Indian and Pacific Oceans the existence of such a 
circulation is derived partly by analog^' with the Atlantic Ocean and 
partly by an examination of the few< available precise salinity observations. 

The general distributions of oxygen, phosphates, nitrates and silicates 
discussed in chapter VII are in good agreement with the deep-water 
circulation that has been outlined. The generally high and uniform 
content of phosphates, nitrates, and silicates around the Antarctic 
Continent is consistent with the uniform character of the Circumpolar 
Water. The low concentration in the North Atlantic is directly related 
to the exchange of water between the South Atlantic and the North 
Atlantic. The water that flows into the North Atlantic is mainly central 
and intermediate water, and the former is low in phosphates, nitrates, 
and silicates. The net transport of these salts across the Equator must 
be nearly zero, and the south-flowing deep water of the North Atlantic 
must therefore have low concentrations. In the South Atlantic the 
deep water becomes rapidly mixed with Antarctic Intermediate Water 
and Antarctic Bottom Water, both of which contain so much phosphate, 
nitrate, and silicate that the contents in the deep water increase as it flows 
south. The North Pacific Deep Water, on the other hand, contains 
great amounts of phosphates, nitrates and silicates, in agreement with 
the concepts that a small exchange of deep water takes place between the 
South and North Pacific and that in the North Pacific the circulation of 
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the deep water is so slow that there the concentrations of these salts are 
increased by further decomposition oi organic matter. In the Indian 
Ocean conditions appear to be more or less similar to those in the South 
Pacific. Some of the major features of the distributions, therefore, are 
related to the deep-water circulation, but others are intimately relat^ to 
the biological economy of the sea as explained in chapter YIL 

Bibliography 

Avers, Henry G. 1927. A study of the variation of mean sea-level from a 
level surface. Amer. Geophys. Un., Trans., Nat. Kesearch Council Bull, 
no. 61, p. 56-58, 1927. Washington, D. C. 

Barlow, E. W. 1934. Currents of the Red Sea and the part of the Indian 
Ocean north of Australia. Marine Observer, p. 67-68, 110, 150-154, 1934. 
London. 

Barnes, C. A., and T. G. Thompson. 1938. Physical and chemical investiga- 
tions in luring Sea and portions of the North Pacific Ocean. University of 
Washington Pub. in Oceanogr., v. 3, no. 2, 243 pp., 1938. Seattle. 
Bohnecke, G. 1936. Atlas: Temperatur, Salsgehalt und Dichte an der Ober- 
fl&che des Atlantischen Oseans. Deutsche Atlantisclie Exped. Meteor, 
1925-27, Wise. Erg., Bd. 5, Atlas, vii + 76 pp., 1936. 

Brennecke, W. 1921. Die ozeanographischen Arbeiten der Deutschen Antark- 
tischen Expedition 1911-1912 (DetUachland). Deutsche Seewarte, Archiv, 
Bd. 39, Nr. 1, 216 pp., 1921. Hamburg. 

Clowes, A. J. 1933. Influence of the Pacific on the circulation in the southwest 
Atlantic Ocean. Nature, v. 131, p. 189-91, 1933. London. 

1934 , Hydrology of the Bransfield Strait. Discovery Reports, 

v. 9, p. 1-64. Cambridge Univ. Press, London, 1934. 

Clowes, A. J., and G. E. R. Deacon. 1935. The deep-water circulation of the 
Indian Ocean. Natuie, v. 136, p. 936-938, 1935. London. 

Deacon, G. E. R. 1937a. The hydrology of the southern ocean. Discovery 
Reports, v. 15, p. 1-124, plates I-XLIV, 1937. Cambridge Univ. Press, 
London, 1937. 

1937b. Note on the dynamics of the southern ocean. Discovery 

Reports, v. 15, p. 125-152. Cambridge Univ. Pres^ London, 1937. 

Defant, A. 1936a. Das KaltwasserauftriebRgebiet vor der KUste Slidwest- 
afrikas. p. 52-66 in Landerkundliche Forschung. Festschrift Norbert 
Ejebs, Stuttgart. 1936. 

1936b. Die Troposphere. Deutsche Atlantische Exped. Meteor, 

1925-1927, Wiss. Erg., Bd. VI, Teil 1, 3. laef., p. 289-411, 1936. 

1936c. toicht Uber die ozeanographischen Untersuchungen 

des Vermessungsschiffes Meteor in der D&nemarkstrasse und in der Irming- 
ersee. Preuss. Akad. d. Wiss., Sits., Phys.-Math. Klasse, XIX, p. 13, Taf. 
1,2, 1936. Berlin. 

1937a. Die ozeanischen Arbeiten auf der ersten Teilfahrt der 

Deutschen Nordatlantischen Expedition des Meteor Februar bis Mai 1937. 
Ann. d. Hydrogr. u. mar. MeteoroL, Beiheft sum Septemberheft, p< 6-14, 1937. 

— 1937b. C.-G. Rossby, Dynamik stationSxer ozeankcher 

Strdme im liicbte der experimentellen Stromlehre. Ann, d. Hydrogr. u. 
mar. Meteor., p. 57-68, 1937. 

1938. Aufbau und Zirkulation des Atlantischen Oseans. 

Preuss. Akad. d. Wise., Sits., Pby8.-Math. Klasse, XIV, 29 pp*, 1938. 
Berlin. 



CHAPTER XVI 


Phytoplankton in Relation to Physical-Chemical 
Properties of the Environment 


With the phytoplankton are included all of the passively floating 
plants of the sea (fig. 213). In our review of the systematic position, 
general structure, and methods of reproduction of the plant population 
comprising the floating flora of the sea, we noted that the population is 
composed of an assortment of organisms which, largely for convenience, 
were grouped under the 3'ellow-green algae. It must be emphasized, 
however, that the chief components of the ph} toplankton are firstly, the 
diatoms, and secondly, the dinoflagelhUes. The other autotrophic 
organisms are of varying importance and consist of coccolithi^hores, 
Halosphaera, silicoflagellates, and a few others. The lack of diversity 
of major groups in the phytoplankton as contra.sted with the zooplankton 
is striking, but this is characteristic of the whole marine flora when 
compared with the marine fauna. ' .There is no dearth of variety, how'ever, 
within the restricted group represented by the diatoms and dinoflagel- 
latcs. Structural variations give rise to large numbers of genera and 
species, but the number of siiecies occurring in concentrations sufficient 
to be recorded in nontaxonoraic biological surveys of the plankton in any 
one area is not large; and of these species, fewer yet assume numerical 
importance. In Puget Sound such a survey (Phifer, 1933) showed 70 spe- 
cies in 24 genera. Among these, 5 species in 5 genera were tychopelagic, 
having been swept up by currents from their normal habitat on the 
bottom in the littoral zone. In the Gulf of Maine and the Bay of Fundy, 
Gran and Braarud (1935) report 78 species of diatoms in 30 genera, and of 
this number 6 species in 6 genera were tychopelagic. In this region there 
were also 67 species of dinoflagellates in 11 genera. In w’armer seas the 
number of dinoflagellate species is usually greater. Peters (1932) found 
that of 55 species of Ceratium occurring in the South Atlantic, 33 were 
confined to warm water. The phytoplankton may, like the zooplankton, 
be divided broadly into neritic and oceanic populations. 

Among the neritic diatoms there are a great number which form 
resting spores, and this is in keeping with the greater fluctuations in 
salinity, temperature, and other environmental details, characteristic of 
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many coastal areas as contrasted with more stable conditions in oceanic 
regions. These resting spores provide a means of survival during the 
periods unfavorable to vegetative growth, and it has been noted that 
when a species initiates resting-spore formation it is not long thereafter 
before the species disappears from the surface waters (Gran, 1912). The 
germination of resting spores which have fallen to the bottom has not 
been sufficiently investigated, but it is surmised that they form an im- 
portant source from which new diatom crops originate in coastal waters. 
Neritic diatoms, being euryhaline, may at times be found in oceanic 
situations where they have been carried by currents, but if transported 
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Fig. 2 lit. Photomicrograph of a phvtoplankton community. 

far from the coast they become dwarfed and degenerate, perhaps in part 
owing to failure to form auxospores. In the offshore waters they mingle 
with oceanic species of diatoms and dinohagcllates. 

Oceanic phytoplankton may at times be abundant in the open sea, 
and densities of 220,000 diatoms per liter have been recorded for the open 
North Pacific (Allen, 1930), although concentrations are usually much 
less. The presence of considerable populations of both pelagic and 
benthic animals in deep-sea wd oceanic areas gives ample evidence of 
offshore production, for it is only the oceanic plants, together vrith a few 
others drifting from coastal waters, that constitute the actual source of 
food for the offshore animals. Lohmann believed that the coastal waters, 
on the whole, are fifty times more productive than open ocean waters 
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and, in general, the abundant coastal fauna, both benthic and pelagic, 
substantiate this. 

The vital importance of the phytoplankton organisms as producers 
of the primary food supply of the sea has repeatedly been emphasized. 
Let us now examine a little closer some of the adjustments or adaptations 
required by the floating mode of existence and the factors influencing and 
controlling multiplication and growth. 

METHODS OF FLOTATION 

It is clear that if plant life is to exist at alj in the offshore waters of 
more than very moderate depths, it must in some manner be maintained 
in the upper layers where it can float freely suspended near the surface, 
for only there can .sunlight penetrate sufficiently to meet the requirements 
of photosynthesis. Once a diatom or any other autotrophic organism 
requiring light has sunk below this zone, it is doomed to disintegration in 
the lower layers unless there be prevailing in the area some sort of vertical 
circulation which will bring it quickly back to the surface. Tlus may 
occur in some few instances, but there is a strong tendency for water to 
remain stratified with the lighter layers on top until strong forces over- 
come this stability (p. 497). 

Living protoplasm is heavier than pure water, its specific weight 
ranging from 1.02 to 1.06, and the shells are even heavier; hence* adapte- 
tions are required to prevent or retard sinking. The rate of sinking of a 
body heavier than water depends upon the ratio of surplus weight to 
friction. Friction in turn is (fetermined mainly by the surface area. 
The simplest way to obtain a relatively large surface area is to reduce the 
absolute size. However, adaptations have gone far beyond this simple 
limitation to minute size. Special structures, shapes, or other means 
presently to be considered have evolved to enable the small plants and 
animals to remain in suspension and thus to populate the vast pelagial 
expanses of the sea that would otherwise be sterile. Doubtless, the most 
important adaptation to a pelagic existence in plants is a reduction of 
absolute size in order to increase the ratio of surface area to volume. 
In plants the advantage is twofold, for it facilitates not only flotation 
but also absorption of plant nutrients, which in the sea are in very dilute 
solutions at best. As a further response to the requirements of this 
passive floating existence, the plants in most instances also possess 
structures considered to be special adaptations which aid them in keeping 
in suspension sufficiently long to grow and reproduce. The character- 
istic morphological adaptations represent forms which are diametrically 
opposite to streamline. 

Diatoms. Let us first consider the pelagic diatoms, since they are 
wholly unable by voluntary means to adjust themselves with respect to 
depth. 
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The structural adaptations may be divided into four classes (Oran, 
1912), and are illustrated in fig. 70, p. 296, depicting diatom types. 

1. Bladder type, in which the cell is relatively large and the cell wall 
and protoplasm form a thin layer inside the shell or test, and the remainder 
of the cell is filled with a light cell fluid or sap. Examples are found in 
species of Cosdnodiseue. The shape may approach that of a disc as in 
PlanktonieUa, which sinks in a zigzag course, coveting a much greater 
distance than if it were to follow a direct line from the surface to the 
bottom. 

2. The needle or hair type is long and slender and is typified by 
Rhizosolenia and Thalaaaiothrix, which sink slowly when suspended with 
the long axis horizontal to the pull of gravity but with increased rate 
when in a vertical position. The cells also may be curved ot provided 
with ends that are beveled in such a manner that they are soon brought 
back into the horizontal position, once they have been displaced. In 
this way the sinking is accomplished in great wide circles. The same 
applies to Nitzechia serriata when in chains with overlapping ends. 

3. The ribbon type is illustrated by Fragillaria and Climacodium. 
Here the cells are broad and flat and are attached to each other in chains 
in which the individual cells lie side by side in a single layer. They are 
not numerous in the sea. 

4. The branched type is illustrated e.specially by the genus Chaetoeeros, 
and by Corethron. Here a great many spines are grown as projections 
to resist sinking, and the cells are often in chains and are frequently 
spiraled for greater effect. They are extremely abundant in the sea. 

All of the pelagic species are i-.in-8helled as compared with the bottom 
or littoral forms, and some n)ay secrete a coating of light mucus to aid in 
tiding over unfavorable conditions. Thc'e are also summer and winter 
forms in some species. The summer forms usually have lighter shells, 
which is in keeping with the reduced viscosity of warmer water. 

The specific gravity of diatoms may also be lessened by the presence 
of oil in the cells. Oil has been noted to accumulate in diatoms late in 
the vegetative period and, in addition to providing a food reserve, may 
also result in keeping them afloat while waiting return of conditions 
favorable for multiplication. 

Many diatom species, though conforming in cell structure to either 
of the above types, also unite the separate cells into chains of various 
types. This is accomplished by siliceous cements or by mucous pads or 
threads (fig. 70), 

Dinoflagellates. Unlike diatoms, the dinoflagcllates are not 
strictly passive, for they are provided with two minute whiplike flagella 
which by almost constant undulating motion provide a means of feeble 
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locomotion (fig. 74, p. 300). In addition, many are also provided with long 
arms or hornlike structures the length of which appears to bear a relation 
to the temperature of the water, those with the longest structures being 
found in the warmer waters. The Valdma investi^tion found that 
the horns <ii the Ceriatia were long in the lig^t, warm waters of the 
Guinea Stream, whereas in the denser, colder water of the South Equa- 
torial Current they were short. Other members of the dinoflagellates 
show a maximum specialisation for suspension in ^e formation of con- 
spicuous winglike membranes and parachutelike adaptations, as shown 
for OmiOuHxraa and Dinopkysis in fig. 74. The flaring structures are 
exaggerated modifications of the prdle lists which arc only moderately 
developed in the more northern forms. These structures have the func- 
tion of increasing the specific surface of the anterior end over that of the 
posterior, thus keeping the organism oriented with the anterior end upper- 
most and in proper position for ascent resulting from the feeble swimming. 
These specialized forms are found, as one would expect, mostly in the 
warmer seas where the greatest resistance to sinking is needed. In 
addition to the above structural modifications, some are said to meet the 
requirements of their habitat by shedding the armor or plates which more 
or less completely cover the body. When these plates become heav 3 fand 
so interfere with flotation they may be shed and new lighter ones grown 
to take their place. 

In some dinoflagellates, for example, Triposolenia spp. and Amphis- 
ohnia spp. (fig. 74), an asymmetry is developed, resulting in a deflection 
of the ends of the antapical horns. During periods of rest or weak 
swimming, these deflected horns tend to orient the sinking body so that 
the long axb lies horizontal and thus provides the maximum surface and 
resistance against passive sinking. In Triposolenia, a descent of about 
ten times its body length is suflicient to swerve the organism slowly into 
this advantageous passive position. Here it remains at least momen- 
tarily and the frequent alternation of positions leads to a slow wavering 
descent. 

In referring to the as 3 rmmetry discussed above, Kofoid (1906) remarks, 

Had it appeared as one of the characters of a single species, or even of 
several, it would be dismissed as one of those usual chance vagaries of struc- 
ture which so often crop out in the diagnostic features of a species. Its 
occurrence in the two genera named and suggestions of an analogous struc- 
tural feature in some other genera of dinoflagellates is indicative of a more 
profound relationship to the welfare of the organisms in which it appears. 

FAaORS OF PHYTOPUNKTON PRODUCTION: I 

In the study of plankton, the production is generally understood as 
bting the amount of organic matter produced by the phytoplankton 
under a unit area of sea surface or in a unit volume of water during a given 
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period of time. This production is first of all dependent upon ra(fiant 
energy for the process of photosynthesis; it requires also the presence of 
certain inorganic nutrient substances, nitrates, phosphates, iron, and so 
forth, in solution in the sea water; and it is dependent upon physical or 
biological factors which operate directly or indirectly upon the avail- 
ability of these dissolved substances. It also depends upon certain 
physical, chemical, or biological factors that affect directly the metabolism 
or the survival of organisms themselves. We shall first review briefly 
what these factors are, and in following sections we shall discuss more 
fully some of their interrelations as observed in nature. 

The principal factors controlling productivity have been reviewed 
by Braarud (1935) and we follow his scheme with some modifications in 
outlining the analysis of the direct and indirect factors. Under the head- 
ing of direct factors are included (o) direct primary factors that operate 
directly on the growth and proliferation of the individual alga, and (b) 
direct secondary factors that directly affect the population density and, 
therefore, the total production which is possible in a given period of time. 

Direct Primary Factors of Reproduction and Grawth 

The ENEnoY Factors. In the presence of carbon dioxide and water, 
plants are able by virtue of their pigments to intercept the sun’s radiant 
energy required by them in the manufacture of compounds of carbon. 
The chemical change is expressed in simple form by the equation 
6CO2 + 6HsO “» C#HiiO(i -+• 602 . This process of carbon assimilation 
is an endothermic reaction, wherein the energy absorbed is derived from 
the light and the resultant product contains more energy than was 
present in the reactants CO2 and H2O. This energy, stored in the com- 
plex organic substance of the plant, becomes the source of chemical 
energy for life processes, directly for those of the plant and of herbiv- 
orous animals and indirectly for those of carnivorous animals, and also 
for the heterotrophic bacteria and other saprophytic forms. 

It is important to note that the by-product of carbon assimUation is 
free oxygen. The process therefore becomes a source of an appreciable 
portion of the dissolved oxygen in the water and, consequently, is of 
great moment in the general metaboUsta of the sea, in the respiration of 
organisms, and in oxidation of organic and inorganic substances. 

Since oxygen is always used in the respiration of the algae, the free 
supply dissolved in the water is drawn upon for metabolic processes 
during periods of low light intensity or when the plants have sunk to a 
depth at which the light intensity is below the minimiun required for 
o^gen production by photosynthesis to balance oxygen consumption 
by respiration. The depth where light intensity is just suflB.cient to 
bring about this balance is known as the mmpeneatim, depth (cf. p. 779). 
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Factobb' of Food Supply. The utilization of carbon dioxuk is 
directly associated with the process of photosynthesis and is briefly dis- 
cussed above. It is sufficiently abundant in the sea at all times, either 
as a dissolved gas or as a fixed constituent of the bicarbonatcs, to meet 
the requirements of the plants; it is, therefore, apparently never a limiting, 
factor in phytoplankton production in the sea, for as rapidly as it is 
consumed by the plants a supply becomes available by the hydrolysis of 
the bicarbonates (p. 192). It has been estimated by Moore (in John- 
stone, Scott, and Chadwick, 1924) that in the Irish Sea 20,000 to 30,000 
tons of carbon dioxide per cubic mile of sea water, arc passed through the 
biological cycle annually. X 

Although carbon dioxide cannot be considered a limiting factor in 
plant production, it is an item of far-reaching biological significance. In 
the final analysis the carbon compounds of all living creatures of the sea, 
from protozoa to the higher animals, come directly from the carbon 
dioxide in the sea. 

Under dissolved nutrient scdts wc include the mineral salts that have 
been shown to influence and at times limit or control the production of 
Ijhytoplankton, namely, the nitrogen and phosphorus, and also, to a more 
uncertain degree, iron and other trace elements. The control of growth 
is expressed in Liebig's law of the minimum, which states that growth is 
limited by the factor that is present in minimal quantity. 

In the early studies of phytoplankton, Brandt (1899) suggested that 
diatom growth must be regulated by the nutrient substances that the 
diatoms utilize in the lighted waters of the sea. He anticipated the 
importance of compounds of nitrogen and phosphorus as substances 
which, according to Liebig’s law, might be limiting factors. With the 
improvements of analytical methods by Atkins and Harvey, it has been 
shown beyond doubt that Brandt’s theory was correct. Various investi- 
gators have demonstrated that phytoplankton organisms may assimilate 
different compounds of nitrogen (cf. p. 915), not only nitrates but also 
nitrites and ammonia (Schreiber, 1927, Braarud and Fo 3 ni, 1931, Harve.v, 
1933, ZoBell, 1935). Of these, nitrates are the most important, and in 
w’aters of temperate and arctic latitudes they accumulate during the 
winter and form the main nitrogen supply for spring diatom growth 
(Cooper, 1937). 

The utilization of nitrates and phosphates in the synthesis of organic 
substance proceeds at an approximately parallel rate so that, although 
both may become markedly reduced by plants, the ratio of the two 
approaches fifteen atoms of nitrogen to one atom of phosphorus, with 
some deviation called the “anomaly of the nitrate-phosphate ratio,” 
perhaps dependent upon stages in the nitrogen cycle, a more rapid 
bacterial regeneration of phosphates, and the history of the particular 
body of water. In keeping with this there is an agreement in the ratio 
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of nitrate-nitrogen to phosphate-phosphorus in offshore ^tors and of the 
nitrogen-to-phosphorus ratio found in the organic substance of mixed 
plankton (p. 236). This agreement suggests that the composition of ^e 
composite population of the sea, both animals and plants, is determined 
by the ratio of- these elements in sea water. 

Although the two elements discussed above have been shown to be 
vital to plant production, yet in nature the diatom population has been 
known to decrease while these nutrients were still present in sufficient 
quantity to support production. In these instances the limiting factors 
must be looked for elsewhere. 

Gran (1931) believed that low concentrations or lack of iron might be 
a factor in limiting plant growth at times, e.specially for neritic species. 
From experiments, this seems probable (Harvey, 1937), and Thompson 
and Bremner (1935) have recorded a reduction in the quantity of iron in 
sea water coincident with heavy diatom production. 

There are still other elements that occur in minute quantities in sea 
water or as traces in the analysis of plants, but since the statu.s of these 
in the economy of the plant is as yet uncertain, they will not be dealt with 
in this general survey. Manganese, for example, has been shown to 
influence the growth of the diatom Dilylum (Harvey, 1939). 

Silicates, u.sed in the formation of the siliceous shells of diatoms 
and of certain <»ther organisms, show seasonal fluctuations and also 
vertical distribution correlated with phytoplankton activity (Atkins, 
1920, Harvey, 1928). Yet tliere is no evidence that reduction of silicon 
ever becomes a limiting factor. However, data from areas especially 
rich in silicon show a degree of utilization of this element by diatoms 
that would exceed the total supply available if applied to areas of low 
silicon (p. 261). 

Aockssory Growth Factors. It is becoming increasingly evident 
that the nutritional requirements for a lively diatom growth include 
substances not referred to in the above consideration. In experimental 
cultures utilizing artificial sea water, Allen (1914) found that the diatom 
Thalassiosira gravida would not grow unless small quantities of natural 
sea water or extracts of the marine alga Ulva were added. The accessory 
growth substance added with the sea water and the alga is not known. 
More recently Harvey (1939) has shown that even natural sea water 
enriched with nitrate, phosphate, and iron may lack the growth sub- 
stances necessary for the continuous production of the marine diatom 
Ditylum brightmlli. The experiment indicates also that there arc com- 
plementary substances, neither of which function well without the o^er. 
Soine diatoms, for example Nitzachia dosterium, apparently do not need 
the accessory substances although their presence stimulates growth. 
It is thou gh t that diatoms like Nitzachia may be able by their own activity 
to make the organic accessory required. The accessory substances are 
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not uniformly distributed in the sea but are apparently both seasonal 
and regional in occurrence^ depending upon the immediate past histoiy 
of the water. This conditioning of the water may well be a factor in the 
initial outburst of phytoplankton growth when other conditions are 
optimum. It must be remembered, however, as Gran has already 
pointed out, that aftereffects of a previous set of unfavorable conditions 
may result in leaving no plants from which to initiate a new crop. 

The above will serve to illustrate in part the complex problems 
involved in the explanation of phytoplankton nutrition. 

Factohs Influencing Metabolism. The rate of metabolism is 
much accelerated with rise in temperature. Accoi^ing to van't Hoff's law 
the increase is two to three times for each 10® rise in temperature within 
favorable limits. Very little is known regarding the optimum tempera- 
ture conditions for the various phytoplankton species. However, it is 
known that various species may be attuned to a given temperature range. 
The species with common temperature requirements constitute biological 
groups which, if cold-water loving, may thrive in the Arctic in summer 
and in lower latitudes only during colder seasons. The growing season 
for a cold-water group may thus shift toward the Equator as winter 
approaches, and that for a warm-water group poleward with the approach 
of summer. 

The salimty of the water is important in maintaining the proper 
osmotic relationship between the protoplasm of the organism anS the 
water. The extent to which osmotic relationships can vary is dependent 
upon the species. Very little study has been made on the osmotic rela- 
tions of diatoms, but the diatom Ditylum apparently does not act as an 
ordinary osmotic system (Gross, 1940). Some diatoms, especially 
neritic forms, have a tolerance for a rather wide range of salinity and 
are known as euryhaline forms, while the oceanic forms are usually 
etenohaline, that is, capable of enduring only small changes in salinity. 
Changes in this factor are operative mainly in estuarine or in inshore 
situations. The variations in salinity operate mainly as a selective 
agency determining the composition or types of species that make up the 
population rather than on the fertility of the region. 

^ The hydrogen^ion concentration or pH of sea water is generally main- 
tained within narrow limits owing to the buffer effect of the dissolved 
salts (p. 202), hence its range of variations at most, perhaps, has only 
a moderate influence as a limiting factor for phytoplankton. However, 
during periods of high diatom production a marked rise in pH does occur 
as a result of the rapid utilization of carbonic acid by the plants during 
photosynthesis. On such occasions an excessive rise might tend to act 
as a natural check on further proliferation of some species, although this 
has not been shown for diatoms. Gail (1920) found that growth of the 
brown benthic alga Fucue evaneecene is much inhibited at the high pH 
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values (8.4 to 8.6) that result from rapid photosyntheds its neighbor, 
l/lva, the common green alga of rocky shores. 

Direct and Indirect Secondaiy Factors hfluencing Population Density 

We have already described the methods of reproduction characteristic 
of the plankton algae. These methods, which involve mmnly simple 
cell division, are highly efficient and under optimal nutritional and 
metabolic conditions result in building up by geometric progresdon an 
excessively dense population. Any factor, then, that disturbs this 
progression has a far-reaching effect on the total numbers that can be 
produced in a given period of time. 

By way of illustration, Braarud shows in a hypothetical example 
the difference between two identical populations of 500 cells per liter 
after nine ceil divisions, when one population suffers no loss between 
successive ceil divisions, while the other is assumed to experience a net 
loss of 10 per cent between the successive divisions. The undisturbed 
population would have increased at the end of the given time to 256,000 
cells per liter, whereas the other at the same time would have only 
99,159 cells per liter. The total withdrawal in cells would be onl}' 
12,343, but these plus their potentiality to produce yet other cells in the 
given time would amount to 144,498 cells per liter, in other words, the 
difference in increase between the two initial populations of 500 cells per 
liter at the end of nine cell divisions. 

Just how much time would elapse during nine cell divisions in nature 
is dependent upon the living conditions and the species involved. The 
rate of division is dependent, of course, upon the direct primary factors 
mentioned above. In culture experiments (Gran, 1933) in the sea at 
Woods Hole it was found that population increases corresponded to 
seven divisions in three days for Chaetoceroa compresms, six divisions in 
five days for the oceanic species Rhizoaolenia (data, and five to six divisions 
in three days for other species. It has been estimated by Harvey et al 
(1935) that diatoms divide at a rate of once each 18 to 36 hours. 

In nature, the number of cells lost between successive divisions would 
not remiun constant even when resulting from consumption by a uniform 
population of filter-feeding animals, for there is some evidence that the 
rate at which these animals filter water remains the same whether or not 
the water is thinly or thickly populated with plankton food (p. 901). 
Harvey et oil also show that during periods of abrmdant food the grazing 
plankton animals consume more than they are able to digest and void 
pellets of only partially digested diatoms. 

Consumption. Since the phytoplankton is the main pasturage <A 
the seia, it is very heavily drawn upon by the countless numbers of herbivo- 
rous plankton animals living within or periodically invading the euphotic 
zone. This has long been recognized as a foregone conclusion (Hensen, 
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1887, Lohmami, 1908), although most infonnation has been of indirect 
nature. 

The planktonic copepods are doubtless the chief diatom grasers, and 
due to their vast numbers they must exact an exceedin^y heavy toll. 
In examining the digestive tracts of copepods, Dakin (1908) found that 
diatoms were the most abundant organisms present, especially species of 
Thdlaaaiosira and Coacinodiscw. Species of Peridinium were next in 
importance. Esterly (1916), in direct examination, also found evidence 
of phytoplankton grazing, there being included in the digestive tract 
diatoms, dinoflagellates, and coccolithophores. Lebour (1922), Marshall 
(1924), and others have also shown that diatom^kre important in the diet 
of copepods. 

In addition to the copepods there are also large numbers of other 
small animals, especially the larval stages of benthic invertebrates, that 
graze directly upon the phytoplankton. For example, larval annelids 
are voracious feeders and, when abimdant, may dimmish materially the 
diatom population. Lohmann, working at Kiel, calculated that during 
the course of a year the increase in volume of pelagic plants was 30 per 
cent daily. Hence, that fraction of the plant population could be con- 
sumed daily by grazers without endangering the plant stock, if no other 
loss occurred. 

The unevenness of phytoplankton distribution both in space (hori- 
zontally and vertically) and in time may reflect relative intensity of 
grazing rather than control through nutrient or physical conditions of the 
water, and actually more organic production may have taken place in 
areas only moderately rich in plan^ at any given time (p. 901). 

Sinking. Even though diatoms are especially adapted to a floating 
existence, the suspensory organs and analogous stmcturcs usually operate 
only to retard sinking and not as a complete counter to the constant pull 
of gravity. Therefore, many individuals of the population tend to sink 
below the euphoric zone and may be considered as being withdrawn from 
the reproducing population as completely as if consumed by animals in the 
euphoric zone, unless before death they are fortuitously returned to the 
lighted waters by ascending water movements. According to the defini- 
tion of compensation values (pp. 778 and 779), when the depth to which 
the plants have sunk is characterized by light with intensity below the 
“compensation point,” theoretically they would be considered as having 
become, at least temporarily, nonproducers for the twenty-four hours 
considered. It is probable, however, that the slowly sinking specimens 
have an adaptability enabling thffln to carry on photosynthesis sufliciently 
to reproduce slowly at a lower illumination than is indicated for experi- 
mental cultures at the cmnpensation point. Harvey (1939) found a 
“physiolopcal state” in Ditylum which indicated an adaptability to 
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varying light intensities. Also, some species require less li|^t than 
others, as is the case with terrestrial plimts. This is shown to be true 
for both diatoms and dinoflagellates (Stemann Nielsen, 1939). 

In connection with the velocity of sinking, temperature becomes an 
important indirect factor influencing production owing to its marked 
effect on viscosity. A marked discontinuity layer, providing a sharp 
temperature decrease within the euphotic layer, is an important feature in 
maintaining the plants in the productive layer, since viscosity is inversely 
proportional to temperature and the rate of sinking is inversely propor- 
tional to viscosity. 

Vertical Transport. Some of the points discussed in relation to 
sinking will be equally applicable in the factor of vertical transport. We 
learn from the discussion of turbulence (p. 471) that w’ater particles 
witliin a water mass are not at rest but may be sldfted in various direc- 
tions. Passive microscopic objects, such as diatoms, caught in these 
shifts are transported along with the water. But as far as transport is 
concerned, we are interested here mainly in the vertical component of 
turbulence. If this vertical component is confined to the transportation 
of particles up or down within the euphotic layer, its effect on the produc- 
tion will be of no great significance, although it is of importance in main- 
taining a “seed ” supply in the euphotic layer. If, however, the move- 
ment involves a transport of water from the productive layer downward 
into darker layere, it will have a deleterioas effect on production in so far 
as it carries with it a certain portion of the phytoplankton population. 
This deleterious effect may be partly compensated for by a return of 
normally sinking plants to the lighted zone by ascending currents, but 
the time spent below optimum light conditions must constitute a loss. 

Indirect F actors. The indirect factors of productivity also belong 
to the secondary group and op. rate simultaneously with them, in most 
instances also with the direct primary factors. Temperature, for 
instance, modifies the rate of metabolibvm, while at the same time it 
regulates the viscosity, and the vertical temperature gradient tends to 
reduce active turbulence. On the other hand, turbulence, upwellinfe or 
convection currents are essential to the return of nutrients to the euphotic 
layer; thus the effect on the population is very complicated. 

Among the more obvious of indirect factors of productivity may be 
listed water movements of various kinds, stability of waters within the 
euphotic layer, discharge of rivers, meteort5,1ogical conditions, batbyriietric 
conditions, and geographic position. The separate indirect factors exert 
their influence on productivity through the effect on the direct factors, 
and also on the other indirect factors. As a result, a complex of forces 
is constantly it play to increase or to decrease the total production during 
shorter or longer periods of time. 
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FAaORS OF PHYTOPLANKTON PRODUCTION: H 

The relation of plants to the physical-chemical and biological prop- 
erties has been touched upon in the foregoing discussion outlining the 
factors that control phytoplankton production. It remains to enlarge 
upon and examine more closely how some of these factors operate in 
nature. This examination will be organized in reference to (o) photo- 
synthesis of phytoplankton, (6) plant nutrients and vertical circulation 
of water, (c) horizontal ocean currents, and (d) temperature. 

Photosynthesis of Phytoplont^on 

The intensity of light decreases gradually with depth; yet for the 
purpose of biological investigations it is convenient to consider the sea 
as divided vertically into three zones with respect to the amount of light 
that is present. The deptl\s given are approximations and vary with 
latitude and season. 

1. The euphotic zone, which is abundantly supplied with light suffi- 
cient for the photosynthetic processes of plants. This zone extends from 
the surface to 80 or more' meters. All of the eulittoral zone lies within 
this layer. 

2. The dinphotic zone, which is only dimly lighted and extends from 
about 80 to 200 or more meters. Mo effective plant production can take 
place in this zone, and the plants found here have mostly sunk from the 
layer above. 

3. The aphotic zone, the lightless region below the disphotic zone, 
in the deep sea it is a very thick layer in which no plants are produced and 
the animal life consists only of carnivores and detritus feeders. 

Until the relationsliip between rate of photosynthesis and light 
intensity at different w’ave lengths is more thoroughly understood than 
at present, it will be necessary to restrict discussion to the relationsliip 
between rate of photosynthesis and total light intensity in the sea as 
expressed in energy units or in units of illumination. 

When using energy units the light intensity is expressed in ergs per 
unit surface and unit time, for example, ergs/cm-/sec; or in gram calories 
or joules per unit surface and unit time (1 g cal = 4.18 X 10’ ergs, 
1 joule == 10’ ei'gs). The penetration of radiant energy in the sea was 
discussed in chapter IV' (p. 104). It was stated there that no direct 
measurements are available of the energy which under different conditions 
reaches different depths below the surface, but that these amounts could 
be computed from observations of the extinction coefficients for radiation 
of different wave lengths and from the intensity of the radiation of stated 
wave lengths reaching the sea surface (table 27, figs. 21, 22). In all 
experiments in which the intensity of light has been examined in con- 
junction with studies of photosynthesis, the energy at different levels has 
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been computed on such a basis. The light wlucb. penetrates to any 
considerable depth in the sea falls arithin a narrow band of the spectrum 
between approximate wave lengths of 0.46 n and 0.60 n, corresponding to 
light in the blue-to^yellow range. In marine plants, photosynthesis 
takes place within this part of the spectrum, for which reason the photo- 
synthesis can be expected to stand in a fairly definite relation to the total 
enei^. 

In a number of published reports on photos 3 mthe 8 i 8 in the sea, light 
intensity is expressed in units of illumination, that is, in units based on 
the power of light to produce visual sensation. Illumination units such 
as 1 meter-candle = 1 lux = 0.093 foot -candle have been widely used, 
and it is therefore neceasary to explain their relation to the energy units. 
Because the unit of illumination is directly based on the reaction of the 
human eye, a mechanical equivalent of the illumination unit can be 
established only at a specified wave length. At moderate illumination 
the maximum sensitivity of the human eye lies at a wave length of 0..56 ft, 
and at this wave length the “luminous equivalent” has been established 
(Smitlksonian Tables, 1933) at 

1 g cal/cm'Vhour = 7750 luxes. 

There exists no simple relation, however, between the total energy of 
radiation of different wave lengths and the corresponding illumination in 
luxes, the reason being that the human eye is not at all sensitive to infrared 
radiation and is only slightly sensitive to radiation in the violet part of 
the spectrum. More than half of the radiation from sun and sky which 
reaches the sea surface falls in the infrared, and the eye is not very sensi- 
tive to a great portion of the remaining half, so that the luminous equiva- 
lent as defined above has to be multiplied by a factor of about 0.15 in 
order to give the illumination in luxes, corresponding to a given intensity 
of the radiation in energy units. In the sea the infrared part of the 
radiation is absorbed in the upper few centimeters and, owing to the 
selective absorption in the visible part of the spectrum, the energy which 
penetrates to greater depths becomes more and more concentrated at 
wave lengths to which the human eye has its greatest sensitivity. Con- 
sequently, the factor by which the luminous equivalent must be multi- 
plied in order to give the illumination in luxefi increases with depth, 
reaching a value of approximately 0.75 at depths where the incident 
energy is reduced to 1 g cal/cmVhour or less. 

It is not possible to give any table by means of which the energy 
reaching a certain depth can be converted into units of illumination, 
because the conversion factors will depend upon the quality of the light. 
Thus, in turbid coastal water and in the clearest oceanic water the same 
amount of energy is found at the depths of 10 and 100 m, respectively 
(table 27), but at 10 m in the coastfd water the maximum intensity lies 
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at a wave length of 0.55 m, whereas at 100 m in the oceanic water the 
maximum intensity is at a wave length 6f 0.48 /i- At these inteaisities 
the maximum sensitivity of the human eye will be at about 0.55 and 
the illumination at 10 m in the coastal water would therefore be greater 
than at 100 m in the clear oceanic water, in spite of the enerpes being 
equal. 

Table 92 has been prepared in order to show approximately corre- 
sponding values of energy and illumination at different depths and in 
different types of water. For the sake of simplicity the intensity of the 
radiation penetrating the surface has been select^ at 100 g cal/cm*/hour, 
corresponding approximately to the radiation frbm sun and sky with the 
sun at zenith. The illumination at the surface is then about 120,000 

Table 92 

APPROXIMATELY CORRESPONDING VALUES OF ENERGY IN 
G CAL/CM VHOUR AND ILLUMINATION IN LUXES AT DIFFERENT 
DEPTHS AND IN DIFFERENT TYPES OF WATER WITH THE 
SUN AT ZENITH AND WITH A CLEAR SKY 
(Radiation penetrating the surface is supposed to be 100 g cal/cmVhour and corre- 
sponding illumination at surface is supposed to 120,000 luxes.) 


Depth 

(m) 

Energy (gm cal/cmVhour) 

Illumination (luxes) 

Oceanic water 

Coastal water 

Oceanic water 

# 

Coastal water 


Clearest 

Average 

Average 

Jjarbid 

Clearest 

Average 

Average 

Turbid 

10 

16 1 

9.50 

1.21 

0.449 

65,000 

42,000 

6800 

2600 

20 

Q 35 

3.72 

0.064 

0.012 

42,000 

20,000 

380 

70 

50 

2 69 

0.311 



14,000 

1,800 



100 

0.452 

o.oo.w 



2,500 

33 



150 

0 076 


1 

1 

1 


440 


1 

1 


luxes. The illumination decreases more slowly with depth than does 
the energy, but it is realized that the values in the table do not correspond 
exactly to each other. They give only the approximate relationship and 
can serve in obtaining a rough estimate of the energy if the illumination 
is stated, or vice versa. 

The effect of light (somewhat modified by the effect of temperature) 
on photosynthesis can be illustrated by an experiment in which a series 
of suitable clear glass bottles are filled with sea water containing a sub- 
stantial phytoplankton population and are submerged in the day time 
at various depths in the euphotic zone. It will be found that at a few 
meters below the surface the oxygen content of the water will increase 
as a result of the photosynthetic activities of the plants within the bottles. 
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With increasing depth add accompanying 4Uminution (d light inten£dty> 
the amount of oxygen produced becomes gradually less until a depth 
is reached where the respiration of the plants exactly balances the oxygen 
produced through photosynthesis, so that no free oxygen is given off to 
the water. The amount of oxygen used by the plants in respiration 
during the experimental period is determined by a similar accompanying 
series of plankton samples in bottles covered by dark cloth to exclude 
any light for photosynthesis. The amount of oxygen consumed from the 

Table 93 

ASSIMILATION EXPERIMENT SHOWING METABOUSM OF DIATOMS 
IN THE GULF OF MAINE* 

Exposure period: 9 hours 10 minutes, June 1, 1934. Sky: variable. Sea: smooth, 
moderate swell. Oxygen present before exposure: average, 7.82 ml/L. Depth 
variation results from tidal action on cable. Compeiuation denth 24-30 m. 
(From Clarke and Oster, 1934) 


Depth 
range (m) 

! 

Temperature 

CC) 

Condition 
of bottles 

Oxygen after 
exposure 
(ml/L) 

Change in 
oxygen 
(ml/L) 

Oxygen 

produced 

(ml/L) 



covered 


Bn 


0 

10.75 

exposed 



+2.31 



exposed 

WBim 


+2.33 



covered 

7.32 

-0.50 


10-8 

10.60 1 

exposed 

8.40 

■fO.58 




exposed 

8.44 

+0.62 



1 

covered 

mg— ii_ 

BBEH 

BBB 

20-16 

10.0 

exposed 





1 

exposed 


■□En 

■sial 



covered 


-0.21 


30-24 

6-9 

exposed 


-0.01 

+0.20 



exposed 

7.72 

-0.05 

+0.16 



covered 

7.54 

-0.28 


40-32 

5-6 

exposed 

7.66 

-0.16 

+0.12 



exposed 

7.71 

-0 11 

+0.17 



covered 

7.61 

-0.21 


50-40 

4-5 

exposed 

7.59 

-0.22 

+0.01 



exposed 

7.64 

-0.18 

-0.03 


* In this experiment the effect of reapiration of animals or bacteria within the bottles has not been 
considered (see p. 780). 


water in these bottles gives a measure of the respiration at the respective 
depths. Adding this figure to the amount of oxygen produced in 
the exposed bottles gives the total amount of oxygen produced in 
photosynthesis. 

When the temperature decreases with increasing depth, the rate of 
respiration decreases. As long as the light intensity is so high that it 
does not limit the rate of photosynthesis, this rate also falls somewhat 
with falling temperature, but at low light intensities the effect of tempera- 
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tute on photosyntheaa is nes^gible. A typicafaasimilatitni experiment 
is cpven in table 93. In this experiment samples of mixed plankton from 
the surface layer were lowered to different depths in covered or exposed 
bottles. The oxygen consumption in the covered bottles was therefore 
due to Uie total respiration of the plants and the animals and bacteria 
included in the sample. No oxygen was produced in the exposed bottles 
at depths greater than about 27 m, and the total production of oxygen 
disappeared at a depth of about 44 m. If the bottles had contained pure 
cultures of plants, production of oxygen in the exposed bottles would have 
taken place to a depth somewhere between these two limits (p. 933). 

The photosynthesis depends on the light intensity, and the light 
intensity at which oxygen production and oxygen utilization are equal 
is therefore called the compensation point, or the compensation light 
intensity. The illumination at this point is “the minimum intensity 
at which the plant could survive in nature and [is] still too low for any 
crop increase” (Jenkin, 1937). The moie pronounced effect of lowered 
temperature on the rate of respiration as compared with the effect on the 
rate of photosynthesis leads to a slight lowering of the compensation 
point with decreasing temperature, a1, least in certain higher algae 
(Spoehr, 1926). 

It is obvious that the compensation point is determined by physio- 
logical characteristics of the plants and maj^, therefore, be sonjpwhat 
different for different species, just as the optimum light intensity is not 
the same for all species. I’he compensation point is independent of the 
time during which photosynthesis and respiration have been measured 
if the oxygen production per unit 'time renmins proportional to the light 
intensity and the oxygen consumption per unit time remains constant. 
On these assumptions, the oxygen production dP in the short time interval 
dt equals aJdt, where a is a ednstant and I is the light intensity, and the 
oxygen consumption dR equals bdi w’here b is another constant. The 
compensation point, I„ is defined by 

dP - d/e, giving L - -• 

a 

The values of oxygen production P and consumption R in the time T are 
P^afjldt, R^bT. 

The average light intensity in the time T is 

Therefore, if P » /?, it follows that 
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that is, the compensatioa point equals the average light intensity during 
a period of time in which oxygen production and consumption balance. 
The conclusion is correct on the assumptions which were made, but 
measurements in the field will not lead to exact results unless the light 
intensity remains low during the experiment, because only then is the 
production of oxygen proportional to the light intensity. 

The two factors a and h w^hich have been introduced here are in 
general not determined, but measurements of the difference between 
production and consumption are made at different light intensities and 
the compensation point is found by interpolation Since the compensa- 
tion point depends upon the ratio h/a, it follows that it depends on tem- 
perature if phot,osynthesis and respiration are influenced differently by 
the temperature, 

The depth at which the compensation point is found is called the 
compensation depth. This depth evidently varies with the season of 
the year, the time of day, the cloudinea^. and the character of the water. 
In the experiment (|iioted in table 93, the compensation depth lies between 
27 m and 44 m. For a givrm locality one can introduce such ticrms as 
daily compensation depth w'ith a clear sky, daily compensation depth 
witli an overcast sky, average annual compensation depth, and so on. 
With a clear sky the compensation depth will in a given locality reach 
its maximum value at noon and will rise to the surface shortly before 
sunset. Tlie average daily compv.nsation depth is lc.ss than the com- 
pensation depth at noon, except at the North Pole. 

The diatoms and many othe»’ algae thrive best in somewhat subdued 
light, but the o])timum light intensity is not the same for all species. 
For example, Schreiber (1927) found the optimum for the diatom Bid- 
dulphia mobiliensis to be 1600 luxes and for the green flagellate Cnrteria 
sp. over 3200 luxes. Some diatoms aie able to grow in much redncetl 
light. This lias been shown in nature by \’anhoeffen for arctic species 
found growing under the ice in March. From Schreiber^s results with 
Biddulphia we learn that high illuminativ n does not necessarily increase 
the rate of photosynthesis, since the rate of multiplication was propor- 
tional to light intensity only at the intermediate illuminations 200 to 
400 luxes. That this is quite generally true is indicated by the habit 
exhibited by many diatoms of grouping the otherwise scattered chroma- 
tophores into knots when exposed to strong light, in this way they 
afford mutual protection during such periods of unusual exposure as 
might occur when being sw^ept by ascending currents to the very surface 
on bright days. This condition whereby the chromatophores are con- 
centrated or collected into a group is known as a systrophe, and was 
described by Schimper (Karsten, 1905). For the diatom Cosdnodiscus 
excentricus this has been found to occur at a light intensity of about 
9.6 g cal/cm*/hour, p. 781. That diatom photosynthesis falls off 
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in bright light at the surface is shown by field-assimilation experiments of 
Marshall and Orr (1928) with “pei^tent diatom cultures.” A ‘^per- 
ristent” culture is one consisting of only a single species of diatom, but 
may contain also bacteria and a few other small organisms such as 
flagellates (Allen and Nelson, 1910). These investigators concluded 
that the compensation depth in inshore waters in the latitude of Loch 
Streven, Scotland, in summer is at 20 to 30 m and in winter at some 
level close to the surface. Gran (1927) also found that the optimum 
light conditions for diatoms in northern waters are not at the surface 
but at a depth of 5 m. Gaarder and Gran (1^27) determined that the 
balance point between photosynthesis and respiration in “raw plankton” 
samples (mixed culture of composite plankton collection which may 
contain some animals) occur at a depth of 10 m in Oslo Fjord during 
March. These authors show that auto-oxidation and bacterial oxidation 
are important factors to be considered in studies of phytoplankton respira- 
tion. Other field observations with raw plankton indicate that a balance 
of photosynthesis and respiration occurs at a depth of about 17 m in 
Passamaquoddy Bay during midsummer (Gran and Braarud, 1935), 
and in certain Puget Sound ba 3 's during the summer the compensation 
depth for raw plankton lies between 10 and 18 ra (Gran and Thompson, 
1930). The shallowness of the compensation depth in Puget Sound 
perhaps resulted partly from absorption by the rich diatom plankton 
which prevailed. The most rapid photosynthesis, as indicated by oxygen 
production, in this experiment was at a depth of 1 m. The great number 
of diatoms produced in the uppei^ few meters thus formed a screen pre- 
venting normal penetration of light to the population at greater depths. 

Assimilation experiments with raw plankton samples can be carried 
on only if the diatom population is sufficiently dense that the metabolic 
activities provide differences in oxygen content and pH values above the 
limits of experimental error of the method. Experiments with persistent 
cultures have the advantage that they make possible field-assimilation 
experiments even at seasons when in nature the phytoplankton is at a 
minimum. The absence of small planktonic animals and the possible 
control of bacterial populations in such cultures eliminates a source of 
error in computing oxygen utilization. On the other hand, the diatoms 
in persistent cultures may represent selective species with slightly 
different light optima and may therefore not be typical of the mixed 
population of raw cultures. 

The considerable variation found for the depth of compensation of 
oxygen production and utilization by phytoplankton results from varia- 
tions in latitude, season, weather, and turbidity, all of which influence 
the depth of submarine illumination. Theoretically, it should be possible 
to determine the depth of optimum diatom production for a given area 
during the growing season by a study of ^e vertical distribution of 
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oxygen, since the maximum oxygen produced in ritu reprecmitB the 
depth of optimum light conditions for photosyntheens, provided otiier 
factors essential to growth are uniform in the water mass. Ihiiing a 
diatom maximum of five-day duration, the oxygen content may increase 
by as much as 2.2 ml/L. However, vertical circulation of the water, 
solution of oxygen from the air, and consumption of oxygen by animal 
and bacterial respiration makes this a rather uncertain index. The 
occurrence of the maximum diatom population below the level of maxi- 
mum oxygen or below the experimentally determined compensation 
dijpth indicates that the plants were not produced at that level but have 
sunk there. For instance, it has been pointed out that the finding of 
diatom maxima at 40 to 80 m by Schimper (Karsten, 1905) in the Ant- 
arctic on the Valdivia could be explained only as being due to sinking, 
since no effective photosynthesis can occur in these latitudes below 50 m. 
Actually, such a population mu.st represent a disintegrating one originally 
produced n<!ar the surface. Diatoms do, of course, carry on some 
photosynthesis at considerably gieater depths than the depth of com- 
pensation, but more energy is used than is stored and the plants must 
finally reach a state where they succumb when the stored-up energy is 
exhausted. 

Not only is the quantity of light a factor to be considered, but so also 
is the quality. It is well known that as sunlight enters the sea the inten- 
sity is reduced, but there is moreover a differential absorption, certain 
light rays being absorbed before others. The red component of light is 
removed in the first few meters of water, while the blue light penetrates 
to much greater depths (p. 106). Therefore, diatoms in nature have 
their greatest growth at depths where the red component is much reduced ; 
rich growths are found at dcptlis (15 to 20 m) where only blue and green 
light prevail. A realization oi this has led to experiments on the effect 
of light intensities selectively reduced. 

In experimental cultures, using Nitzschia closterium, a diatom much 
used in culture experiments, Stanbury (1931) concluded that the precise 
wave length is not so important as the amount of energy transmitted. 

Assuming that the total energy in all wave lengths within the visible 
spectrum provides the best measure of available energy for photosyn- 
thesis of diatoms, Jenkin (1937), working in the English Channel, com- 
puted the available energy in joules or gram calories at various depths 
and correlated these values with the amount of oxygen produced by 
Coadnodiscus excentricus in submerged experimental bottles at the various 
depths tested. The results indicate that with an energy flux less than. 
7.5 joules, or 1.8 g cal/cm^/hour, the oxygen production is directly 
proportional to the energy and the utilization of the available energy 
is about 7 per cent. With an energy flux greater than the above, the 
photosynthesis is gradually inhibited. Systrophe takes place at an 
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enei^ flux of about 40 joules, or 9.6 g oal/cm*/hour. At the compensa- 
tion point the figures are 0.55 Joule, or 0.13 g cal/cm*/hour. In Gullmar 
Fjord, Sweden, the compensation light intensity for mixed plankton 
with some animals included was found to be about 400 luxes (about 
0.07 g cal/cm*/hour) (Pettersson et al, 1934). In the clear waters of 
the English Channel the compensation depth was found to be about 
45 m during summer. 

In certain sessile shallow-water diatoms adapted to a depth of only a 
few centimeters the maximum oxygen production occurs at higher energy 
values, that is, 60 g cal/cmVhour or 80,000 luxes (Curtis and Juday, 
1937). V 

Diatoms tend to show chromatic adaptation when grown under differ- 
ent components of light, assuming colors that are complementary to those 
under which they are grown. They thus tend to become yellow-green 
when grown in red and yellow light, and dark brown in green and blue 
light. For benthic green algae the red component of light is essential 
to healthy growth, while brown algae and, especially, red algae charac- 
teristic of deep water are adapted to carry on photosynthesis with the red 
component absent or reduced. We have seen also (p. 29.5) that, in keeping 
with this, the order of vertical distribution of the benthic marine algae 
is greens, browns, and reds, from shallow to deeper water. The (piantity 
of chlorophyll present in these classes of algae is also diniinished^in the 
same order (Lubimenko and Tikhouskaia, 1928). The dei>th at which 
these benthic algae can grow is also directly correlated with the depth of 
submarine illumination. In northern latitudes the maximum depth is 
about 40 to 50 m, whereas in themear waters of the Mediterranean it is 
said to be over 100 m. It has been suggested (Klugn, 1930) that certain 
pigments present in plants growing some distance below the surface 
may act as photosensitizers to the chlorophyll, enabling it to function 
with less light intensity. 

Plant Nutrients and Vertical Circulation of Water 

The inorganic substances required by plants are commonly spoken of 
as “plant nutrients.” These constitute the raw materials or building 
blocks out of which the plants, with the aid of sunlight, build up organic 
compounds entering into their cell structure. The growing plants can 
obtain these raw materials only from the sea water in which they live. 
This must therefore be looked upon as a dilute nutrient medium con- 
taining all of the elements necessary for plant growth. The concentra- 
tions of the nutrient salts are remarkably small; yet a concentration of 
1 mg of phosphorus to 1000 1 of water, for example, is sufficient to produce 
a vigorous growth of diatoms if other factors are favorable. This is 
facilitated partly by the very minute size of most phytoplankton organ- 
isms and may be illustrated by comparing one plant 1 mm* in size with a 
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thousand plants each 0.001 mm* in mze. Kro^ (1934) has cateolated 
that there is a thousandfold advantage for ihe latter with re(q)ect to 
absorption of nutrients in dilute solution. This advantage results from 

(1) a tenfold aggregate increase in surface area of the smaller plants and 

(2) a hundredfold better condition for diffusion of salts to these surfaces. 
The latter is due to the fact that owing to the microscopic size of the 
smaller plants the full concentration of nutrients is maintained immedi- 
ately outside the cell membrane. 

The mineralized nutrient elements are not uniformly distributed in 
the sea, however, and they undergo cycles during which there are periods 
of delay between the available mineralized state and the unavailable 
organically bound state of the nutrients. This leads to fluctuations in the 
intensity of plant production both in space and in time. The production 
of marine phytoplankton is nature’s greatest demonstration of hydro- 
ponics, or water culture. The operation of the whole system in detail 
in the sea is different in many respects, however, from the operation of 
experimental hydroponic tanks. For example, there is a difference 
in the population; as we have learned, the floating plants of the sea are 
i\ot specialized with aerial portions for utilization of COj and elimination 
of On; and roots are not provided for intake of mineral nutrients; neither 
arc there elaborate vascular systems to transport fluids ahd food. All 
of the metabolic proeissses of the marine phytoplankton are carried on 
within the individual cells which are always submerged beneath the 
water surface. This universalitj’ means that the whole plant must 
receive light, and the specializations, as already discussed, are along 
lines designed to maintain the plants in the upper lighted portions of the 
SOB. In the sea the mineral nutrients are not added from without as 
needed; they have accumulated from the land over eons of time and are 
stored mainly in the deeper dark-water layers where they are not acces- 
sible to autotrophic plants and from whence they must be transported 
by water movements to replenish the supply periodically exhausted in 
the productive lighted zone'. For discussion of the forces causing this 
transport see chapter XIII. 

It is well known that with return of sunshine and increased tempera- 
tures during spring in the temperate and higher latitudes there is a 
phenomenal outburst of phytoplankton growth in the surface waters. 
Even the most casual observer is impressed with the brown-green color 
that is imparted to the w'sters of coastal areas and over banks during these 
periods of diatom “bloom.” The production may go on at var 3 dng 
intensities during the summer and frequently becomes augmented again 
in the autumn. But during the winter months, and sometimes at other 
seasons as well, there is a dearth of plants and the waters again become 
deeper blue in color. Similar conspicuous changes in water color occur 
when one leaves the rich coastal waters and proceeds to the barren open 
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sea (fig. 214). It has been said that "blue is the desert color of the sea,” 
and is indeed true of vast ocean stretehes where phyto- and sooplank- 
ton are at a tnimmnm and the water is not otherwise discolored and 
turbid with inanimate dissolved or suspended material (p. 89). The 
seacKmal and spatial differences in color of coastal waters we know to be 
due in large measure to the greater or lesser amounts of various types of 
plankton organisms present in the surface waters, but what is the com* 
bination of factors controlling the time and distribution of this fertility? 
Many details are still unknown, but it is clear that with sufficient sun- 
light tb^ combination of the 
nutrient^ cycles and vertical cir- 
culation of the water are dominant 
causes. 

Brandt’s theory that phos- 
phates and nitrates may constitute 
limiting factors in phytoplankton 
production has found proof in 
investigations of subsequent 
workers (Marshall and Orr, 1927, 
Schreiber, 1927, Gran, 1930, 
Hentschel and Wattenberg, 1930, 
and others). At the initiation of 
vernal phytoplankton production 
these salts are relatively abundant 
in the euphotic layer, but as pro- 
duction proceeds the quantity 
gradually falls off until it can no 
longer maintain a large popula- 
tion, and the organisms diminish 

Fig. 214. Color of the sea as indicated in number or disappear from the 
in per cent of yellow according to the Forel water. 

scale (from Schott). Nathansohn’s theory 

forms a complement to Brandt’s theory in the explanation of irregularities 
in distribution and periodic fluctuations in phytoplankton production. 
(See p. 901 for control through organic factors.) Nathansohn (1906) 
suggested that the nutrient salts must disappear from the lighted surface 
layers owing to the fact that they are consumed by the plants and that 
they must therefore accumulate in the deep sea through sinking of living 
or dead bodies, both plant and animal, constantly settling towards the 
bottom. The store of nutrients thus accumulated in the deep water 
through the dissolution of these bodies is, in time, returned to the 
euphotic layer through diffusion and vertical circulation of the water. 

With improvements of methods in chemical analysis it has, indeed, 
been shown tiiat usually phosphate concentrations do increase with 





PHYTOnANKTON AND PHYSICAi-CHEMICAL ENVIRONAAENr 7S$ 


depth, indicatmg a utilization at the surface and a t^edency to stcmge 
in the deeper water layers. This withdrawal of nutrients from tiie suiv 
face and the resultant accumulation in the deeper layers wh^ they 
ciumot be of direct use to plants owing to the al^nce of sunlight does 
not in general represent a permanent loss to the biolo^cal cycle. In the 
terrestrial environment there is constantly a small loss of nutrients as 
the dissolved salts are carried to the sea in runoff from the land. The sea 
therefore constantly gains in its resources in proportion to what the land 
loses. Some nutrients are lost annually from the sea in the formation of 
stable residues such as humus and through removal of fisheries products, 



Pig. 215. The average uumber of diatoms per 
liter between the surface and 60 or 70 m, off the Cali- 
fornia coast. Character of currents is indicated by 
heavy lines with arrows, and distribution of diatoms is 
indicated by hatching (modified from Sverdrup and 
Allen). 

but even these must eventually find their way back to the sea. This 
runoff from land supplies phosphates, nitrates, and other nutrients to 
the surface layers of the sea in the coastal regions, but the main replaiish- 
ment comes from the supply present in the deeper water. Circulation 
of the water by upwelling, turbulence, diffusion, or convection is the 
physical agency by which the return is accomplished. 

Upwslling. The upwelling of subsurface water in which nutrient 
salts are brought back to the lighted layers is reflected in large diatom 
production along the California coast (Moberg, 1928, Sverdrup and 
AUen, 1939; fig. 215), along the western South American coast through 
the mechanism of the Peruvian Coastal Current (Gunther, 1936), in 
regions of divergence along the equatorial countercurrents, and along 
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the west coast of Africa (Hentschel, 1928). On the basis of the extensive 
Meteor investigations, Hentschel demonstrated a relatively much heavier 
phytoplankton production along the West African coast where marked 
upwelling is known to take place than along the east coast of South 
America, except at the southeastern tip where the influence of the Falk> 
land Current is operative. Further, it is shown that the most markedly 
fertile areas or independent maximal repons along the African coast 
have tongues of gradually diminishing total plankton density extending 
outward from the coast corresponding to the main water movements 

a that flow away from the coast, as 

is indica^d by the outward exten- 
sion of the isotherms (fig. 216). 
Not all surface currents show 

great coastal populations and the 
In seeking an explanation we find 
African coast has brought to the 

layer’ The plants respond with a 
luxuriant growth, which dimin- 
^ ishes in intensity as the nutrients 
I * are gradually consumed by the 

, , population in the waters as they 

iig. 216. The concentration of total . . , ^ i- 

plankton (micro- and nannopiankton) in ®ove to greater and greater dis- 
ihe South Atlantic, surface to 50 m. The tances away from the coast and 
numbers on the curves represent thousands from the regions of upwelling. 

of individuals per liter. -v m-r u l i i 

figure 217 shows how closely the 

distribution of phosphates coincides with the areas shown by direct 
examination of plankton catches to be fertile in phytoplankton. 

The distribution of phosphates as shown in fig. 218, which represents 
a vertical section from the coast of Africa across the Atlantic to the coast 
of South America at lat. 9*8, also illustrates how nutrient-rich water is 
nearer the surface on approaching the African coast. The water vrith 
more than 1 pg-atom/L (30 mg/cm*) rises to within about 40 m of the 
surface, whereas on the South American coast water of nutrient concen- 
tration greater than this is not found above about 1000 m. It must be 
borne in mind that not only phosphates, but also other nutrients needed 
for plant life that have been regenerated in the deep waters from sinking 
bodies of organisms produced in the upper layers, are conveyed from the 
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enormous unfailing nutrient reservoir ot the deep. It has already been 
pointed out that there is a fairly constant nitrat^phosplmte ratio. 

Regions or Divergence and Convergence, Regions of (fivei^moe 
are defined as those regions where surface water masses of the ocean 
flow away from each other or away from the coast so that water from the 
deep must rise, as a feature of upwelling, to replace them. It apperne 
that such areas, whether at the coast or in the open sea, are productive 
of phytoplankton; this condition is exemplified in the South Atlantic 
Congo tongue of cold water which extends far out to sea from the region 
of the Congo River (Hentschel, 1928). Conversely, regiona of corwergence 
are areas where surface waters 
meet and sink. Such areas are 
relatively barren of plants, the 
waters having been impoverished 
by earlier exhaustion of the 
nutrients. 

The hydrographic features of 
these two types of water move- 
ments are discussed on p. 140, and 
graphically shown in fig. 198, p. 

710, for a Carnegie section across 
the equatorial currents of the 
Pacific. Here are two parallel 
regions of divergence between 
which lies a region of convergence 
associated with the Equatorial 
Countercurrent. When the 
Carnegie plankton volumes from 
H. W. Graham’s analysis (l&il) 
are compared with the hydrog- 
raphy of this section, wo find 
that the relative volumes of general plankton, which must reflect phyto- 
plankton production, show greater concentrations at stations 157 and 151 
which lie within the regions of divergence. This is brought out in fig. 
219, where the upper diagram shows the relative plankton volumes 
(precipitated in special bottles) in centimeters per mile of haul, and the 
lower Hift£rrn.m shows the vertical water movements and selected isolines 
for phosphate. For greater detail, see fig 198. 

Turbulence. The effect of renewal of plant nutrients from the 
deeper water as the result of turbulence and accompanying diffunon is 
demonstrated especially in such areas as the Bay of Fundy and Puget 
Sound, where strong tidal currents flowing over uneven bottom and 
through tortuous passages maintain a relatively homogeneous water 



Fig. 217. Horiiontal distribution of 
phosphates in the South Atlantic: mg 
PiO,/m’ (from Wattenberg). 
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from the surface to considerable depths. In Puget Sound the surface 
layers are rich in phosphates, showing an average of about 2.0 |ig*atomB/L 
(62 mg PO 4 -P), and the phytoplankton is in general rich from May to 
October (Thomps<m and Johnson, 1930, Phifer, 1933). Lower values for 
phosphates are found in the Bay of Fundy, although the maximum values 
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Fig. 218. Vertical distribution of phosphates in mg PaOk/m* at lat. 9®S across 
the South Atlantic. 

are relatively high, but the phytoplankton production is restricted for 
other reasons, as explained below. In the English Channel, where the 
store of nutrients is relatively low, the turbulence may lead to a depletion 
of nutrients clear to the bottom during the season of phytoplankton 
production. 


PHOSPHATE, ;4<J- atoms P/L 

Fig. 219. Upper: concentration of plankton in a section across the Pacific Equa- 
torial Countercurrent. Lower: phosphate concentration for the same section. 

As far as renewal of plant nutrients is concerned, upwelling and 
turbulence are similar in that they are more or less continuous throughout 
the year with some variation resulting from periodic changes in the direc- 
tion or intensity of the winds (cf. p. 725) or from stabilization resulting 
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from inBux of fresh water or from summer increase in temperatmce, both 
of which lead to a stratification of the waters of the euphotic layer. 

Where turbulence and upwelling are sufficiently vigorous to involve 
the euphotic layer, there may always be present a ready supply <rf nutri- 
ents to support at least a moderate plankton production. Under such 
conditions the cessation of production must result from other factors than 
depletion of nutrients. During the winter season the controlling factors 
in some latitudes may be the reduction of light or temperature. The 
cessation of reproduction during a portion of the year may well represent 
a period of rest induced by a change in conditions, at least for neritic 
species. 

Stabilization. During recent years there has been a realization that 
for mammum production a certain degree of vertical stability is required 
within the euphotic layer. In areas of excessive turbulence this stability 
is wanting, with the result that, although nutrients and other factors 
may be optimal, only a moderate production of phytoplankton takes 
place because the descending currents withdraw a portion of the diatom 
stock into the deeper water where there is not sufficient light for photo- 
synthesis. Ascending currents may bring some of these back to depths 
of adequate light. The length of time spent below the euphotic layer 
would then determine the extent of loss, if any, to total production. 
The complex problem introduced by turbulence may be stated as mainly 
one of balancing the beneficial factor against the deleterious factor: 
ascending currents constantly conveying nutrients from deeper water 
against descending currents withdrawing a portion of the population to 
suboptimal lighting conditions. The depth of turbulence and the thick- 
ness of the euphotic layer are important in this connection. An example 
of the beneficial effect is seen when comparing areas in the Gulf of Maine 
and the Bay of Fundy (Bigeln v, 1926, Gran and Braarud, 1935). In 
the open Gulf, marked stratification due to summer heating leads to the 
exhaustion of nutrients in the euphotic zone with a subsequent drop in 
phytoplankton production. Over Georges Bank, however, a fairly rich 
diatom plankton is maintained during the summer owing to the turbu- 
lence of water flowing over the bank. 

The deleterious effect is illustrated in parts of the Bay of Fundy 
where, in June, surface areas rich in nutrients, 0.3 ag*ntom/L PO 4 -P 
(10 mg POi-P per m*) and up to 4 ^g-atoms/L NOj-N (60 mg NOj-N 
per m*) at a depth of 1 m, resulting from turbulence, were nevertheless 
poor in plankton because of the combination of turbulence and low 
transparency. Diatoms were fewer than 500 cells per liter in the mosjt 
affected areas. The largest populations were found in areas of moderate 
stratiffcation. • Two months later some stabilization had occurred with 
the advance of summer, but the most turbulent areas stiU showed high 
nutrients and a small population of about 7000 or fewer diatoms per 
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Uter, M compared with 551,000 in nearby areas witii a well-defined 
theimocline between IQ and 25 m. 

Ck>iivscTioN. In regions where there are marked seasonal changes in 
temperatures between winter and summer, the changes are of great 
importance not only because of the ^ect of temperature directly upon 
the rate of metabolism but also because of its indirect effect in the 
renewal of nutrients to the surface layers. This method of renewal is 
characteristic of fresh-water lakes, but is also very important in the sea, 
especially in the higher latitudes. The phenomenon is, of course, 
dependent upon the surface waters cooling to a point where their density 
becomes sufficient to cause them to sink aii^ be replaced by upward 
movement of lighter and incidentally nutrient-rich waters from below. 
Similar effects result from pronounced evaporation and must contribute 
essentially to the maintenance of phytoplankton in the open tropical 
seas and in isolated seas like the Mediterranean. In areas where vertical 
circulation results from convection currents, the biological implications 
are somewhat different than those resulting when nutrient renewal is 
brought about through the agency of upwelling or turbulence. Except 
as discussed later, renewal of surface waters by convection is a seasonal 
rather than a continuous process. The replenishment of elements 
essential to plants occurs during autumn and winter, with the result 
that the euphotic layer is richly fertilized in readiness for diatom growth 
as soon as sufficient simshine becomes available in spring and ae soon as 
other favorable living conditions are attained. A period of int^se 
growth then ensues, resulting in depletion of nutrients, and since no 
general renewal can take place yntil autumn such areas typically experi- 
ence a marked summer minimubi in diatom production following the 
spring maximum. There is usually a secondary autumnal maximum 
before the gradually diminishing light reaches a point too low for effective 
photosynthesis. The reguiarity of this system may be disturbed by wind- 
induced turbulence sufficient to cause an upward transport of nutrient- 
laden water from deeper layers, or by fertilization of the surface layers 
with nutrients brought down from land by rivers. Thus there may be 
alternating maxima and minima of greater or lesser duration and inten- 
sity throughout the whole growing season. 

In boreal waters, when the spring production of diatoms has come 
to a low ebb owing to marked stratification and near exhaustion of 
nutrients, the role of organic production may be taken over in a diminished 
degree by the dinoflagellates, especially members of the genus CeraHum. 
These organisms, owing to their low nutrient requirements and slow 
rate of growth (daily increase under summer conditions of only 30 to 
50 per c^t as opposed to 360 per cent in the diatom Chaetoaroa curvi- 
aetum) <um develop at lower nutrient salt concentrations than can diatoms, 
and they may therefore continue to propagate in impoverished waters. 
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As a further aid to utilisation of the last vestiges of nutrients, the dino- 
flagellates, owing to their motility, are capable of adjusting themselves in 
some degree to optimum conditions. 

Horizontal Ocean Currents 

As an outcome of the phytoplankton collections taken by the Chair 
lenger from the various seas of the world, it appeared that in general no 
essential differences existed between the pelagic flora of different seas; 
but later, as a result of the more detmled plankton work of the German 
Plankton Expedition, Schutt concluded that differmt ocean currents are 
inhabited by characteristic types of floating plants. 

Cleve (1900) was of the opinion, after studying extensive plankton 
collections from many separate areas, that plankton species endemic to 
separate geographic areas (each with its own set of environmental condi- 
tions) are transported from these areas by water currents to remote 
regions, depending upon the hydrographic conditions prevailing. Accord- 
ingly, the procedure of investigation should be first, to determine the 
geographic distribution of the separate species and to learn the conditions 
of life required by the principal plankton associations. Then, according 
to the theory, the origin of various water masses could be determined by 
a biological analysis of the V'aters to ascertmn the type of plankton 
organisms they support. Cleve recognized a number of plankton com- 
munities with dominant types characteristic of separate ocean regions 
wherein the water has certain uniform characteristics with respect to 
the physical characters, but the hope of utilizing the diatom plankton 
types as indicators of water origin has not been fully realized. The 
nature of the life history of diatom populations, their prompt response by 
increase or decrease to fluctuating conditions of nutrients and other 
variable environmental factors, must make them of less value as direct 
indicators of ocean currents than are the planktonic animals with longer, 
more tenacious lives. Certain species of Ceratium have proved of special 
value in characterizing water masses, for example, the fluctuating flow of 
Arctic and Atlantic waters around Newfoundland (p. 865). 

The diatom plankton types of Cleve are of great significance, however, 
as biological types (p. 793), each with different requirements of life which 
make them respond in succession to changes of season as living conditions 
become favorable to their specific needs. 

From the strictly biolo^cal aspect, we are especially interested in the 
dispersal of species that is brought about by means of ocean currents. 
The widespread distribution of most species is evidence in itself of the 
operation of this type of dispersal. Many species are common to widely 
separate areas where living conditions are similar during at least a portion 
of the year. The diatom AsterioneUa japonica was not recorded from the 
waters oi Romsdaisfjord, Norway, during investigations covering the 
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period 18^-1900, but subsequ^tly it appeared there, apparently carried 
to the reekm by currents (Gran, 1929). -Oatenfeld (1909) has reported, 
on the basis of eoUecticms made cooperatively through the International 
Council for the Study of the Sea, that Biddulphia ginensia, originally an 
Indo-Pacific species, was accidentally introduced in 1903 into the North 
Sea off Hamburg and from there spread with ocean currents along the 
Danish and Norwegian coasts as far as Bergen. 

It is not uncommon to find small numbers of neritic diatoms that 
have been carried far seaward with outgoing currents. They may even 
reproduce for a time by fission but they gradually become abnormal, with 
weakly silicified shells and diminutive in sizef^some may form resting 
spores which drift about. Just what are the oceanic factors that are 
unfavorable to neritic species is not clearly known. It may be a matter 
of nutrition or salinity, though, with respect to the latter, many neritic 
species are doubtless euryhaline. 

The most popularly known drift of marine plants is that of the higher 
alga Sargaasum. Although naturally an attached littoral plant, Sar- 
gassum may be torn from its moorings along the shore and float far to 
sea with the currents. Under these conditions it thrives vegetatively 
but is unable to reproduce except by fragmentation. Its tendency to 
accumulate in the slowly flowing anticyclonic circulation in the North 
Atlantic has given the name Sargasso Sea to that relatively quiet h^iatabie 
area. Commonly, other littoral seaweeds and animals live attached to 
or among the branches and gas-filled floats of the Sargaasum. 

Teptperature 

♦ 

Because of the close association of temperature with other factors, 
we have already had numerous occasions to refer to it in the course of 
discussion. It is certainly one of the most important of physical factors. 
However, it is not easy to generalize and designate any one factor as 
being more important than any other in a complex natural environment 
where all of the numerous known factors operate simultaneously. 
According to Liebig’s law of the minimum, production is limited by the 
factor occurring in minimal quantity. This factor is obviou.sly not the 
same for each circumstance. Hence, actually, the factor occurring in 
minimal quantity, whatever it may be, is temporarily the most important 
factor. It becomes the so-called “limiting factor” which has been 
defined as “any of the direct factors which is not optimal at the conditions 
present in a water mass, viz., without any change of the other factors.” 

The rate of metabolism, hence the rate of growth and reproduction 
of any given species, is regulated by temperature. Just what will be 
the required range of temperature is dependent upon the species, but 
the wannest as well as the coldest waters of the sea are able, when other 
external factors are favorable, to produce a characteristic type of flora 
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adapted to the conditions. The separate species are dl^er eury^nrdc 
or stenothermic, dep«iding upon whether their tolerance to temperature 
range is great or small. Different genera and different species within a 
genus may indicate a temperature preference, as shown by the following 
maximal growth periods for certain species in the Gulf of M^e at the 
surface temperatures indicated (Gran and Braarud, 1935) : 

April, 3“C Thalassiosira nordenskioddi 

Porosira glaeidlia 
ChaetQceros diadema 
May, 6®C Chaetoceroa debilis 

June, 9®C Chaetoceroa compreaaua 

August, 12°C Chaetoceroa conatrictua 
Chaetoceroa cinctua 
Skeletonema coatatum 

Neritic species of the higher latitudes are also durothermic with 
respect to low temperatures during resting stages. These resting stages 
are very resistant to extreme temperatures and have been found to be 
viable even though they have spent unfavorable periods frozen solidly 
in ice. 

We may conclude, then, that one great influence of temperature is in 
determining the character, that Is, the composition, of species that will 
develop in any one region at various periods of the year. In temperate 
latitudes it is possible, depending on season and other conditions, for 
both high-latitude and subtropical species to grow provided either that 
“seed" can be carried in by currents at the proper season or that duro- 
thermic resting stages can survive the “off” season and germinate 
again with return of the growing season. 

In this way Cleve’s geographical diatom types, namely, arctic, boreal, 
temperate, and tropical, are explained not as having been produced in and 
carried from these separate areas but rather as having their metabolic 
requirements adjusted to temperatures characterizing these regions. 
During seasons of unfavorable temperatures the stock of separate types 
is maintained as resting-spores or resistant individuals with potentialities 
of quick response upon the return of their specific temperature tolerance, 
the different species succeeding each other in order according to their 
requirements. 

Perhaps one of the most far-reaching influences of temperature is 
indirect through its effect on the viscosity of the water. We have had 
frequent need to mention how vitally important it is that the open-sea 
plants be kept within the euphotic layer. The degree of viscosity or 
internal friction of the water is vital to passively floating organisms with 
a specific gravity greater them the water in which they live. Variatioirs 
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have only a small influence on viscosity, and owing to the 
small variations in salinity, except near shore, viscosity is not materially 
affected from this cause; but a change in temperature from 25°C to 
O^C is sufficient to double the viscosity. With this in mind, we see how 
important it is to phytoplankton suspension when a transiticm or thermo- 
cline with a marked temperature gradient occurs within the euphotic 
sone. The rate of sinking at the transition layer may be sufficiently 
retarded to allow an accumulation of plants that would otherwise not 
have occurred owing to reduction of stock by sinking, with the subsequent 
slowing up of production that accompanies s^ch withdrawal of stock 
(p. 772). 

Winter and summer variations which occur in the structure of certain 
species are attributed to the temperature variations of the seasons 
in areas where there is great temperature range, but temperature differ- 
ences in higher and lower latitudes have the same effect, consequently 
summer forms of high-latitude species may occur in the warmer seas 
or vice versa. The structural differences are concerned mainly with 
adaptations leading to a better adjustment to the floating existence. 
The summer or warm-water forms have thinner shells and are of more 
slender build. A classical example is given in the diatom Rhizosolenia 
setnispina (fig. 70), wherein a temperate form {semispina) and an arctic 
form {hebetata), once regarded as separate species, may originate one from 
the other or wherein opposite ends of a single cell may even show charac- 
teristics of both. The form hebetata is now regarded as a primitive 
resting stage of the form semispinQ. 

In concluding this discussion "it should be emphasized that even 
though the conditions with respect to light, temperature, nutrients, and 
so forth may be favorable to diatom production, yet no spontaneous 
population development can take place if previous conditions with 
respect to any factor have left the water sterile of vegetative plants or 
of resistant resting spores of species capable of taking advantage of the 
return of good conditions. This may explain in some instances the 
dearth of phytoplankton in offshore situations where the great depth of 
water prohibits the ready return of resting stages common to species of 
neiitic waters. The phenomenal outbursts of diatoms in arctic regions 
coincident with the spring meltii^ of ice have been explained as probably 
being associated with the rapid germination of spores that have been 
locked lu the ice and are released through melting. It is known that 
these redone simulate biological conditions of coastal areas and the 
popul&tion is largely neritic. In invest^rting oceanographic conditions 
at a line of stations through Barents Sea from the coast northward 
to the Arctic ice, Kreps and Verjbinskaya (1930) found in spring that 
the early vernal flares di diatoms were confined to coastal watws and to 
waters near the Arctic ice, udiile betweoi these and at some distance from 
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shore in branches of the North Cape Current of Atlantic tvater, 
population was poor although nutrients were high. In the Arctic watos 
near the front melting ice both nutrients and diatoms were abundant. 

The stimulation of phytoplankton growth commonly observed to be 
coincident with the mixing of two bodies of water with different charac- 
teristics may also result from an inoculation of a sparse populatira living 
under poor conditions into more favorable waters which have lacked spores 
suitable to take advantage of the good physical-chemical environment. 

Population control through biological factors, such as animal con- 
sumption, is discussed in chapter XVII. 
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CHAPTER XVM 


Animals in Relation to Physical'Chemical 
Properties of the Environment 


ECOLOGICAL GROUPS AND SOME OF THBR ADJUSTMENTS AND 
CONDITIONS OF UFE 

The study of world distribution of marine animals is the function of 
marine zoogeography. Its chief aim is the characterization of the animal 
world of the sea. In causal zoogeography we seek the causes that are 
or have been operative to bring about the type of animal distribution 
actually found in present-day faunas, whether benthos, nekton, or 
plankton. 

In the earliest studies attempts were made to establish arbitrary 
zoogeographic boundaries along lines of latitude, and so forth, but since 
these have no ecological significance rational faunal boundaries could not 
result, and it was not until boundaries weie drawn to follow certain 
isotherms that the faunal divisions were also more or less clearly circum- 
scribed. Even this does not necessarily result in rational zoogeographic 
boundaries because, after all, it is the actual distribution of animals 
themselves that forms the basis for zoogeographic divisions, since the 
thermal relations or other factors are not always clear. However, animal 
distribution (as well as other biological phenomena m the sea) is not 
haphazard but has resulted from orderly events some of which, although 
historical, may have lost their continuity, while others are continually 
operative as single or multiple factors conditioning dispersal, survival, 
and abundance. Any apparent absence of order results from lack of 
sufficient mformation with which to decipher and trace the complicated 
patterns that result from the inherent nature of the organisms and the 
factors in the environment. Marine ecology, which is concerned with 
the organisms in relation to their present-day environmental conditions, 
is a vital link in the study of zoogeography and many other biological 
probfems of the sea. 

The ecological groups to be considered in this division of the present 
chapter are (a) benthos, the animals of the sea floor; (b) nekton, the 
swimming animals; (c) zooplankton, the floating animals. 

799 
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Benthot, Animob of tho Sea Floor 

Wherever successful dredging operations have been conducted, the 
ocean floors have beoi found to be inhabited by benthic animals from 
the Arctic to the Antarctic and from shore to the greatest depth. How- 
ever, the number of animals (that is, the concentration per unit area) 
varies greatly; moreover, the kinds of animals that make up the major 
portion of the population differ, especially the species, genera and 
families. Such differences are apparent in the populations of such small 
topographic units as biotopes, as well as i^ the larger environmental 
divisions, and they are the biological criteria ibr establishing the vertical 
zones, littoral, archibenthic, and abyssal-benthic, as well as the horizontal 
faunal areas to be discussed later. It is mainly with the fauna of these 
larger divisions that we shall deal For greater detail on the zoo- 
geography of the seas the reader is referred especially to Ekman's text 
(1935), in which an extensive bibliography is also included. 

Animals of the Littoral Zone. The outstanding feature of the 
littoral zone, especially of the upper or eulittoral zone extending to 
depths of about 40 to 60 m, is the great diversity and variability of the 
physical-chemical conditions of habitats. The substratum varies from 
clean firm rocks to shifting sands and soft muds. Marked salinity 
gradients sometimes exist, and seasonal and diurnal fluctuations add 
variety to the life of animals of this zone. Wave and tide actions are 
highly important, particularly in the shallower portions. Morpho- 
logically, the animals are variously modified along special lines associated, 
for instance, with the type of bottom, degree of exposure, depth, feeding 
habits. Many of the sessile forms, such as the limpets and chitons of 
the intertidal zones, are flattened and streamlined the better to withstand 
the wash and impact of rushing waters. Mussels are securely attached 
by strong and flexible byssus threads, while adult barnacles, corals, tube 
worms, and encrusting Bryozoa are rigidly and permanently cemented 
to rocks, shells, or other solid objects. Less rigidly attached are the 
hydroids, sponges, and anemones. The sessile or immobile habit so 
conspicuous in vast numbers of adult marine otganisms is highly charac- 
teristic of life in the sea. This mode of life is made possible only by the 
continuous supply of floating microscopic food and the water movements 
necessaiy for its production and dispersal (see following chapters). 

Among the free-moving bottom forms we find adaptations and habits 
so varied , that ail conceivable habitat facies are used. The sea urchin, 
StrongylocerUrotus purpuratus, for example, is able to bore into rocks for 
protection on exposed coasts. The shells of molluscs are frequently of 
*more sturdy structure when grown on exposed, wave-washed shores. 
Corals on exposed reefs are massive and compact in comparison to the 
more fra^le and branched types found in lagoons (Vaughan, 1919). 
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Narrow rock crevices and the under sides of rocks offer jnotection from 
enemies and surf for many dorsoveirtraliy compressed forms, am<mg 
which the small flat-topped crab PetrcU^tes is an excellent exampfe of 
the larger types, but numerous small flatworms, nemerteans, armelids, 
brittle stars, and others mingle in these common retreats. Many active 
forms, well supplied with prehensile appendages or sucking discs, live 
upon the rocks, hydroids, or seaweeds along the shore. The fishes and 
crustaceans swimming temporarily or skipping over the bottom in search 
of food must also be considered a part of the benthos. In some 'fishes 
{Leparidae) the ventral fins are transformed into sucking discs for attach- 
ment, but with increased depth of water and fewer solid objects for 
attachment there is an accompanying reduction in the disc. 

On muddy or soft bottom environments other adaptive modifications 
result. The shelled animals of these environments build relatively thin, 
fragile shells as compared with those of animals in exposed or rocky 
situations. Burrowing bivalves of muddy, sandy bottoms commonly 
possess an enlarged "foot” useful in digging, and the siphons are elongated 
to extend above the substratum for intake of water providing food and 
oxygen. In contrast, the bivalves of hard bottoms may have these 
structures much reduced, and in more active forms like the scallops, 
tactile organs and even eyes are developed on the mantle edge. Creeping 
snails possess a broad foot to aid in gliding over soft mud. Burrowing 
worms are able to maintain permanent or temporary tubes by means of 
a mucous or fibrous lining secreted by the animals. Many mud-inhabit- 
ing animals are detritus feeders, eating the mud for the organic material 
it contains or sucking up the detritus that has settled at the mud-and- 
water interface. 

In the littoral zone there is an abundant supply of food for animals. 
This results directly from favorable conditions for the production of 
plants, both attached and floating, and from the availability of these 
plants directly or indirectly to the benthic animals. An appreciable 
amount of organic material of terrigenous or fresh-water origin must 
supplement the great quantities produced in this zone. Due to this 
ready supply of food, the littoral zone produces benthic animals in 
abundance. The actual concentration is variable, of course, depending 
upon such local conditions as type of bottom, rate of flow of overlying 
water, river butflow, and upon meteorological conditions. The last is 
especially pronounced in intertidal situations, where seasonal rains and 
freshets may dilute tide pools and exposed flats with devastating results 
to the more sensitive species. Unusual temperatures during exposure 
on the foreshore result in great losses (p. 844). Most animals of this 
zone have a wide range of tolerance to changing conditions, but the 
selective action of the environment in certain areas may produce a great 
concentration of the species most suited to the conditions. For example, 
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ThorecopheHa mueronaia, a polyohaetoiu worm Uving in tire sand of 
exposed beachos of soothem Califomia, may reach a concentration of 
2183 individuals under .1 m* of sand The narrow strip of beach 
inhabited by these worms is seasonally subjected to marked erosion and 
deposition of sand. During the winter months repeated storms may 
wash away ihe stmd to a vertical deptir ctf 1 to 1)4 na. This makes for a 
precarious habitat for forms which are not adapted instinctively or 
physicaBy to vertical migration and which could not keep pace with the 
dimitiiahing or increasing depth of sand. Another example is the horn 
shell, Ceriihidea caiifomica, which occurs in vast numbers on the surface 
of isolated mud flats, where few other animak| competing for its food can 
survive. 

Most littoral areas are provided with good circulation, owing to 
irregular bottom configuration, to ihe effect of tidal actions and winds, 
and to seasonal or diurnal convection. However, in some bays the 
exchange of waters may be sluggish, with the result that the free oxygen 
is used up by decomposing organic matter — ^usually abundant in such 
bays — and that hydrogen sulphide is produced, making for precarious 
if not fatal living conditions. Extreme cases of this nature are found 
in certain threshold fjords of Norway, where the mouth of the fjord is 
partially cut off from the sea by a siU of shallower depth than the inner 
portion of the fjord and where fresh water from adjacent land drainage 
may form a thin top layer. These situations offer an excellent example 
of the effect of phydcal-chemical circumstances on the success of animal 
life. Normally in these pools there can be no exchange of water between 
the ocean and the deeper wateirof the fjord below the sill depth because 
the water flowing over the sill is of lower density than the deep water 
of the fjord. Much of the organic material resulting from the plankton 
and its dependent life in. the upper layers sinks to the bottom and, in 
decomposing, depletes the oxygen supply of the bottom water. Highly 
toxic conditions, resulting particularly from production of hydrogen 
sulphide, make it impossible for benthic aerobic life to inhabit the bot- 
toms of these fjords. In some fjords 03 r 8 ters are cultivated, but they 
must be kept suspended in racks above the hydrogen-sulphide-charged 
bottom water. The layer of fresh water insulates the lower water and 
may make for tropical submarine cUmate with temperatures rising to 
30°C (p. 871). Occasionally unusual circumstances, such as continuous 
offshore winds, build up an offshore gradient that forces upward the 
heavier deeper oceanic water outride the sill to a height sufficient for it 
to flow over the rill into the pool, where it lifts the lighter toxic hydrogen- 
sulphide-laden waters toward the surface. This water is lethal to the 
fjord animals, fishes, and invertebrates, which upon death sink to the 
already organically rich muds of the bottom. These or similar catastro- 
phic circumstances lead to mass fossilisation of littoral marine life; and. 
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where a fresh-water layer has been miffiotently developed, there may be a 
mingling of fresh-water forms giving an abnormal assemblage oi foaril 
faunas. 

Horizontal Distribution op the Littoral Fauna. As a result 
of faunal studies and compilation of the work of many specialists, TSlfitiiin 
in his Tiergeographie des Metres (1935) has divided the seas into faunal 
zones characterized by the species, genera, and families of ftnimAla found 
within the littoral zone of these regions (fig. 220). The o-niTnalfl thus 
employed include not only the littoral benthos but ^o pelagic forms that 
are boimd by their life histories to the coastal zones. In such an analysis, 
the assemblage of species and genera of different animal groups that are 
confined to or are characteristic of the population of an area is the 
criterion for establishing the faunal regions. Obviously the number of 
endemic genera or of higher taxonomic orders is often of greater signifi- 
cance than the number of endemic species in distinguishing a faunal 
region, for the species are biologically of more recent origin. For example, 
the Pacific and the Atlantic tropical faunas of America, though now 
separated by the isthmus of Panama and having only relatively few 
species in common, show by numerous common genera (33 for certain 
crabs) and by geminate (closely related) species that these faunas were 
a continuous fauna in past geologic ages when the two great oceans were 
connected in this tropical region. 

The faunal areas are not sharply defined, of course, and the boundaries 
arc to be considered transition zones the width of which is determined 
largely by hydrographic features, water temperature being a cardinal 
determining factor. But other factors also determine the geographical 
extent of a faunal area. These are especially continental land barriers 
or broad expanses of deep water such as the East Pacific oceanic barrier 
(fig. 220). This, owing to Hf depth, precludes spreading of adult littoral 
forms through, the abyssal zone, and, because of the vast horizontal 
extent of water between the American shores and the easternmost 
Polynesian Islands, prevents transport of pelagic larval stages of littoral 
forms except when these stages are of specially long duration. 

Broadly speaking, the littoral fauna may be divided clearly into 
arctic, tropical, and antarctic. Between these there are gradations 
giving rise to such divisions as boreal, temperate, or antiboreal Kerguelen 
fauna. Some of the faunal divisions may also be subdivided into east- 
west regions; for instance, the tropical fauna, though homogenous in 
many characteristics— for example, in the formation of coral reefs — 
may be recognized as consisting of four parts, namely Indo-West Pacific, 
Pacific Tropical American, Atlantic Tropical American, and Uie Tropical 
West African. 

Other faunal areas of the sea are given in fig. 220. These areas are 
again subdivided as the classification is made narrower to meet more local 




Fig 220. Faunal areas of littoral anunals (based on Ekman). 
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condiiioiis. The Atlantic Boreal is, for example, divided into east and 
west sections and the Arctic into High and XiOw Arctic. For additioiial 
details and reference to original data, the student is referred to 
( 1935). Many animals of eurythermic nature may be quite cosmopolitan 
and the sublittoral fauna may extend beyond the boundaries shown by 
the eulittoral animals. See also p. 846 for comparison of thermic bound- 
aries to those of certain faunal regions. 

Dxep-sea Benthos. In 1843 Edward Forbes, pioneer in marine 
biology, observed the diminution of the number of animals with increasing 
depth of water beyond the littoral zone and he established with some 
hesitation what he called an azoic zone" covering the deep ocean floor 
from depths below 300 to 700 m. Before this time, however, in 1819, 
Sir John Ross reported having found worms in mud brought up from a 
depth of 1800 m in Bafiin Bay, but the idea of life existing in great depths 
was then so untenable that these and other findings were discredited. 
It was not until 1860 that positive proof of the existence of animal life 
in the deep sea was first provided by a broken submarine cable that was 
brought up for repair from a depth of over 2000 m in the Mediterranean 
with various bivalve moUuscs, gastropods, hydroids, alcyonarians, and 
worms attached. The dredging operations of the Challenger and other 
expeditions have definitely shown that benthic animals do live in very 
great depths, probably in smaller numbers even at the greatest depths, 
since pressure and cold seem not to be excluding factors. During the 
Challenger Expedition more than 1500 animal species were discovered 
below 1000 m and a dredge haul at 6250 m yielded 20 specimens belonging 
to 10 species. Bottom deposits brought up in sounding tubes from the 
great deeps contained remains of foraminifera and sponges that probably 
live at these deptlis. 

The summarj' in table 94, '■•^mpiled from Murray (1895) and based on 
the Challenger observations, will serve to illustrate the vertical distribu- 
tion of bottom fauna of size sufficiently large to be taken by the apparatus 
used. The specimens were collected with both dredge and bottom 
trawl and may therefore include a few not strictly benthic. 

All of the animal world below the littoral zone may be spoken of 
collectively as the deep-sea fauna. Although not many deep-sea collec- 
tions have been made, the endemic fauna appears to be divisible vertically 
into two parts, an upper archibenthic fauna (continental deep-sea fauna) 
and a lower-abyssal fauna, the dividing line between these two being 
placed at about 1000 m depth. 

There is no well-defined border line, of course, between littoral and 
deep-sea fauna; the border is even less clearly defined between the archi- 
benthic and the abyssal. The natural boundary between faunas is the 
region of most distinct faunal change. This boundary, however, is 
influenced by outside factors such as temperature- and light, with their 
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attendant ntfluenoe on food aupply, as well as by depth water. The 
border line thus lies at different depths in polar and equatorial regions. 
AlsOt as indicated below, many species are eurybathic, that is, they 
endure great ranges of depth, thereby causing a great deal of overlapping 
where diaracteristically littoral forms extend far downward and endemic 
de^p-sea forms rise unusually high. Ekman considers that, in general, 

Tablx 94 


VEETICAL DISTRIBUTION OF BENTHIC FORMS ACCORDING TO 
OBSERVATIONS ON THE CBALLENQBR EXPEDITION 
(After Murray) 


Zone 

Number 
of stations 

K 

\ 

Average yield of 
species at each 
station 

Average yield of 
individuals at 
each station 

ISOm 

70 

62.8 


180 to 900 m. 

40 

51.2 

150 

900 to 1800 m 

23 

30.0 

87 

1800 to 2700 m 

25 

24.0 

80 

2700to3600m 

32 

15.6 

39 

3600 to 4500 m 

32 

10.6 

25.6 

4500m 

25 

9.4 

24 


in most regions the boundary between the littoral and thg deep-sea 
faunas may be located between 200 and 400 m. Eurybathic species add 
but little to a zoogeographic characterization, but they are nevertheless 
of great biological interest because of their adaptability to conditions of 
depth. 

Outstanding among the eurybathic forms given by Ekman are; 


Peimstulsris 

Polychaetes 

Cirripeds 

Cumacea 

Bivalves 

Snails 

Starfish 

Brittle stars 

Sea urchins 

Sea cucumber 


Kophobelemntm uUHliferum 
AtApkicUra gunneri 
Verruca etroemia 
Diailylia laeria 
SerMeularia Umgicallue 
Neptunea Ulandiea 
Henricia eanguinolenia 
Ophiocten eerieeum 
Eekinooardiwn auatrale 
Hfeeotkuria inUeUnali* 


36 to 3600m 
littoral to 5000 m 
littoral to 3000 m 
9 to 3980 m 
36 to 4400 m 
30 to 3000 m 
0 to 2450 m 
5 to 4500 m 
0 to 4900 m 
20 to 2000m 


That much of the animal life in the deep sea is truly endemic, not 
merely a downward extenmon of eurybathic forms, is shown by the 
presence of vast numbers of species and many genera and higher tax- 
ondmic orders that are found consistently only in these deeper zones. 
Important among the characteristically deep-sea forms are the glass 
sponges, Hexactinellida, with 16 families, 80 genera, and s^ut 400 
species; seven families of Pennatularia; the deep-sea Holo^uroidea, of 
the order Elasipoda with four families, over 20 genera, and mapy species. 
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Tables 95 and 96, based on summaries of Ekman, deptet further the 
arrangement of certain elements of the faunas of the thr^ major bathy- 
metric sones. 

A striking characteristic of the deep-sea fauna is the relativefy^ snudlsr 
number of species in proportion to the number of genera. On the basis 
of the Challenger data Murray (1913) concluded that the ratio of species 
to genera decreases regularly from coastal to offshore deep water, so that 
in the deepest zone the ratio of species to genera is 5 to 4, whereas in the 

Tabui 95 

NUMBER OF SPECIES OF GRINOIDEA AND STARFISH OF THE 
NORTH ATLANTIC IN DIFFERENT BATHYMETRIC ZONES 

(Ekman, 1936) 


Animals 

Zones 

Number of species 


Littoral, or littoral and archibenthic . . . . 

31 

Oinoidea 

Littoral to abyssal 

10 

(North Atlantic) 

Archibenthic 

11 


Archibenthic and abyssal, or purely abyssal 

35 


Littoral or mostly so. 

13 

Starfish 

Littoral to abyssal i 

28 

(North Atlantic) 

Archibenthic or abyssal | 

1 

97 


Table 96 

NUMBER OF SPECIES OF TUNICATA IN DIFFERENT BATHYMETRIC 

ZONES 

(Ekman, 1935) 


Animals 

Zones 

Number of genera 


1 

Purely littoral ^ 

62 


Littoral and archibenthic 

14 

Tunicata 

Littoral to abyssal j 

11 


Purely archibenthic | 

3 


Archibenthic and abyssal — . 1 

4 


Purely abyssal i 

i 

I 

i 


shallow coastal water it is 3 to 1. It is a significant fact that whole 
orders and numerous families of various taxonomic groups are confined 
to the deep sea or are characteristic of its population. 

Deep-sea anim^ of the benthic repon are in the main mud-dwelUng 
forms adapted in various ways to this mode of life. A considerable num- 
ber, typified by the isopod genus Mmnopm (fig. 221) and the shrimp 
Nematoeareinua, are adapted by elongated appendages to the quiet 
water and the softest of muds; sponges and Iqri^ids are provided with 
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projeethBB, Bpiaea, or rootlike structures tor anchorage and Bupport, 
In order to reach above the soft ooze the crinoids, or sea lilies, of the 
de^ sea are usually long-stalked as compared with their short-stalked 
relatives of shallower water, the sea feathers. Many other forms also 
are long-stalked, for instance the tunicate CvJUolua nvurrayi which floats 
off the bottom like a bulb anchored by a thread-like stalk that may be 
about three quarters of a meter long. Most deep-sea animals lack, or 
have exceedingly weak, calcareous skeletons. The sea urchins have 
frail discontinuous plates as compared with their heavy-shelled littoral 
relatives. The slowly moving water does ^ot necessitate strong or 
streamline adaptation. Many forms show atuptations associated with 
abyssal darkness, but these are best discussed with tlie pelagic life of the 
deep sea. 

As previously stated, the population of the benthic region of the 
deep sea is relatively sparse, the animals decreasing numerically with 



Fig. 221. Munnopais lypica, a deep-water isopod 
(redrawn from Sara). 

increasing depth, also with distance from shore. The one factor most 
operative in limiting the abundance of animal life in the deep sea is 
undoubtedly food. Abyssal animals do indeed live a precarious life 
with regard to food. It is not surprising that only relatively few animals 
have been found on bottoms covered with red clay, for most deep-sea 
animals depend upon the nourishment obtainable directly or indirectly 
from the bottom ooses and tests show that the red clay is of all bottom 
deposits the poorest in organic material. Yet even it is not without its 
quota of marine metazoan life. It has been pointed out that with the 
intensified adversity of living conditions in abyssal regions, the animals 
adapted to survive the physical conditions there would be numerous 
were it not for a shortage of food. Since plants can live only in the 
lighted upper strata of the sea, it follows that deep-sea animals are either 
carnivores or detritus feeders, a population utterly dependent upon plant 
and animal production in the upper water layers and upon the ultimate 
sinking of dead bodies of these plants and animals to grater depths. 
Much of the surface production is broken down, however, by bacterial 
or autolytic action within the upper or intermediate layers and is thus 
lost to the dependent abyssal life. The direct food of abyssal forms 
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undoubtedly results largely from pelagic ariimals of deep or intennediatiS 
depth, animals which have themselves in turn been nourished in main 
by organisms produced above them. 

It is mstructive to note that the poverty of animals in deep-sea cones 
is apparently not a direct result of depth of water but is intimately con- 
nected with distance from continental shores. Murray reports that 
collections made in depths between 1800 and 3650 m near shore yielded 
per haul an average of 121 specimens belonging to 39 species, whereas, 
collections made in comparable depths further than about 500 km from 
shore yielded an average of only 21 specimens and 10 species per haul. 
This strongly indicates a relative shortage of food for benthic animals in 
the offshore localities. In the preceding chapter it was emphasized that 
conditions for phytoplankton production are enhanced in coastal waters 
where the supply of mineral nutrients in the lighted zone can be enriched 
through vertical circulation extending to a depth sufficient to tap the 
store of nutrients that accumulate there through the sinking of organisms 
produced in surface layers. Owing to the movements of such nutrient- 
enriched surface water, much of its plankton load becomes deposited 
in the deep inshore waters and thus supplies more food to the deep-sea 
benthic animals living there than is possible fai from shore. Any offshore 
hydrographic condition that leads to enrichment of the plant nutrients in 
th<! surface layers will produce similar results, reflected in the abundance 
of benthic fauna that can be supported under such waters. This is 
illustrated by the surprisingly rich deep-sea benthos encountered by the 
Challenger Expedition in the deep offshore waters of the Antarctic, 
especially in the Kerguelen region. Murray believed that this excep- 
tional abundance of deep-sea life resulted from offshore extension of 
coastal conditions owing to floating ice or to greater destruction of plank- 
ton life at the junction of waters of separate origin, but study of 
the now Ijetter-known hydrographic features of the Antarctic reveals 
that these rich accumulations lie under the region of the great Antarctic 
Convergence (fig. 158, p. 606) and, according to the investigations carried 
out by the Discovery, the surface waters of this region show possibilities 
of a rich supply of nutrients and of a great production of phyto- and 
zooplankton. 

From this dependent relationship it becomes obvious that the deep- 
sea and abyssal fauna could have come into being only after the pelagic 
life of the sea bad become established, or simultaneously with it. Both 
the pelagic animals and the deep-sea forms are believed to have been 
derived from the littoral fauna. The many structural modifications 
ancl the nuiperous endemic genera give evidence that the fauna of great 
depths is, indeed, an ancient one. But in generalizing, we may say that 
although the deep-sea fauna possesses many bizarre and unusual forms, 
nevertheless the structural a^ptations found in these animals are only 
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modi£<»tioaB of bett&>known forzoB fouod in sbslhwer witcr. SovetaJ 
arclude forma are found that were originally known only from fossil beds. 
Among these “living fossils” are several glass sponges; decapods, includ- 
ing Polychelea and WUlemoeaia: stalked ctinoids, for example Rhito- 
crintu lofoten»ia; and a number of other forms either originally known 
only as fossils or later shown to have existed since early geological times. 

Hokizontal DisTBtBtTTioir OF Debp-ssa Benthic Animals. As a 
rule deep-sea animals in general are widely distributed, but not to such 
an extent as was formerly believed would be the case owing to the uni- 
form conditions of the deep-sea environment. The abyssal fauna, 
however, is the most widely distributed of benthic life, the archibenthic 
being next, and the littoral fauna the least widely distributed. In other 
words, the horizontal distribution of marine benthic animals increases 
directly with increasing depth. Benthic deep-sea genera are usually 
cosmopolitan, although the species may belong within the limits of 
certain oceans. Geographical submarine barriers are also influential in 
limiting distribution. A classical example is tlie Wyville Thomson 
Ridge, which forms a barrier between the deep-sea faunas of the Atlantic 
and the Norwegian Sea, only 12 per cent of the faunas being commem to 
both seas. The reason for this will be discussed further on p. 849. 

Nekton, the Swimming Animats ^ 

The assemblage of animals comprising this group are provided with 
efficient locomotive organs enabling them to swim against currents and 
waves. The locomotor efforts are not only capable of being sustained for 
considerable length of time, but the movement is also effectively directed 
towards pursuit of prey, escape from enemies, and instinctive migratory 
journeys. Structurally, most nektonic animals are well adapted to these 
ends, 'fhey are typically streamlined in shape and frequently covered 
with slime to decrease resistance in passing through the water. The 
musculature, nervous system, and sense of vision are notably well devel- 
oped. Among the members are adult fishes, squids, whales, dolphins, 
seals, and a few crustaceans. All parts of the pelagic region of the sea 
contain representatives of the group which, together with the plankton, 
make up the pelagic life of the sea. It has been noted by Hjort (1912) 
that the idea of a pelagic mode of life was originaUy associated with 
animal life of the ocean surface, but it applies also to the drifting and 
swimming life of deeper waters, since its main characteristic is its inde- 
pendence of the bottom. Deep-living pelagic animals are called bothy- 
pelagic. Pelagpc animals are either neritic or oceanic, depending upon 
whether they belong to the neritic or the oceanic province. There is no 
well-defined line between the two. 

In the nekton we find the great migratory animals which make jour- 
neys of hundreds of miles to and from their breeding grounds or roam 
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over vast ocean areas in search of food. The gpreat migrations of many 
species as a rule are associated with breeding and feeding requirements 
and witix alternations between the two, the breeding habitat suggesting 
the more primitive home of the species involved. Striking examples of 
the migratory journeys of the fishes are offered by the anadromous salmon, 
Oncorhynchus tschaivytacha, of which young stages marked in the Colum- 
bia River have been recovered later in the Gulf of Alaska, and grown 
fish marked in Alaskan waters later recovered in the Columbia. Other 
species of salmon also may journey over 650 km, presumably returning 
to the stream in which they were bom (Am. Assoc. Adv. Sci., 1939). 

The spawning migrations of the European eel, Anguilla vtdgaria, are 
perhaps the most remarkable among fishes The journeys involve the 
swimming of the adult eel over a distance of about 5000 km from Euro- 
pean coasts to the spawning area near Bermuda and the subsequent 
return of the larvae to the fresh-water habitats on the coast of Europe 
This will be more fully discussed in a later chapter. 

The guiding instinct in these journeys appears more remarkable than 
that in migratory birds, for recognisable landmarks do not exist in the 
open sea, where the horizontal chemieal-physical gradients are too weak 
and variable to render an3rthing but negligible directing aids during the 
oceanic portion of the journey. 

Among the marine mammals whales are known to travel great dis- 
tances Recovery of American harpoons embedded in blue whale.s 
killed in Barents Sea, where harpoons of such make were never used, 
indicate migrations from the coast of North America (Hjort, 1912) 
These and other whales alternately travel from low-latitude breeding 
grounds to the rich feeding grounds of higher latitudes. 

The only invertebrates th"* are clearly nektonic are some of the 
cephalopods, especially the squids. These animals are powerful swim- 
mers which effect rapid locomotion by spasmodically ejecting jets of 
water from the mantle cavity through the swimming organ known as the 
funnel, a tubelike stiucture lepresenting a modification of the molluscan 
foot. Associated with this rapid locomotion the cephalopods possess 
highly developed eyes, and also a highly developed brain as compared 
with other invertebrates. 

A few of the pelagic prawns may be included as nekton, although they 
are usually on the borderline, approachmg either benthic or planktonic 
life. Such special groups as setds, otters, and marine snakes may for 
convenience be placed also in this categoiy, althou^ the life habits 
of some require a period on the immediate foreshore for the care of the 
young. 

Biologically the nekton includes only a very few of the major animal 
groups, as indicated above; but the large size of individual members, 
their tend^cy to form into schools, and their commercial value as food, 
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oil, and so forth, make the group a conspicuous one and of outstanding 
importance to man. From the stand^int of tiie economy of the sea, 
the group is dependent and must therefore have developed as an ecological 
group after the plankton and benthos were established. The relatively 
high phylogenetic ranking of the members is also in keeping with this. 

Zooplankton, tfio Floating Animals 

The benthic and nektonic groups were the first to be observed or 
studied by man. But as systematic investigations of the sea progressed, 
with the improvement of collecting methodk^and the use of the micro- 



Fig. 222. Photomicrograph of a plankton community contain- 
ing copepods {Ccitmut and Metridia), young euphausiida, and fiah 
eggs. 

scope, it became obvious that another ecological group existed, which 
for convenience of study should be considered distinct from the bottom- 
dwelling and the fast-swimming forms to which it holds such vital rela- 
tionships. This group is now called the plankton, a term first used by 
Victor Hensen in 1887 to distinguish the vast assemblage of feebly 
swimming or floating organisms, both plants and animals, that drift 
about with little or no resistance to water movements. To the plankton 
belong not only by far the greatest number of marine organisms, but also 
those of widest dispersal. 

The general plankton is divided into two large groups: Phytoplankton 
and Zooplanktoi}. To the phytoplankton belong most of the diatoms, 
dinoflagellates, and other unicellular plants or animal-like plants that are 
capable of synthesizing food. These, in contrast to the consumers 
making up the zooplankton, are the chief producers of the primary food 
of the sea. They are more fully discussed in chapters XVI and XIX. 
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In the zooplankton are included many of the protozoa, ebpedally 
tintinnids, radiolarians, and foraminifera, a large number of the snudl 
crustaceans such as copepods, ostracods, euphausiids, amphipods; the 
jellyfishes and siphonophores; many worms; a number of molluscs, such 
as the pteropods and beteropods; and the eggs and larval stages of most 
of the benthic and nektonic animals of all kinds. Figures 222 and 223 
are photomicrographs of typical zooplankton catches from coasts 
watera. 

Undoubtedly the first notice taken of the general microscopic plankton 
was not of the individual organisms themselves, but rather of such 
phenomena as discoloration of the water, associated with their swarming. 



Fig 223 Photomi'"-ograph of plankton dominated by the 
arrow worm, Satttta, and including copepods, young euphausuds, 
and fish larvae. 

These observations, of course, could only increase the mysteries of the 
sea, for the causes were in most instances entirely unknown. Probably 
one of the eailiest references applying to genet al plankton phenomena 
was made by Pytheas in the fourth century B.C During a voyage in 
the North Atlantic he leported that the sea became sluggish and thick 
like a jellyfish (Herdman, 1923). There are records where the occurrence 
of the color phenomenon was accompanied by considerable destruction of 
marine life along the coasts, such as has been witnessed on the coasts of 
California, Japan, and elsewhere The terms “red-water,” “red-tide,” 
and “sliming” have been apphed to some of these displays. In other 
the discoloring became associated with good or bad fishing 
conditions, and recent investigations (Hardy et al, 1936) have, indeed, 
shown that there is a correlation between herring catches and color of 
water resulting from microorganisms (p. 907). Perhaps the most 
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spectacoUur and mystifying of displays resulting from plankton life was 
that of biohtminetcence (“phosphorescence”) of the sea. 

Among the first important typically planktonic organisms to be 
studied in detail were the boreal copepod Caianw finmarchieut (fig. 
227<-c), described by Gunnerus under the name Monacidtu finmarchicus 
in 1765, and Ceratium tripos (fig. 74-a), a dinoflagellate described by 
O. F. Mtiller in 1777. Little was accomplished, however, until about 
1846, when Johannes Mtiller introduced the plankton net for use in 
extensive studies. Since then the plankton has been the subject of a 
vast amount of investigation. 

It will be noted that the three categories, benthos, nekton, and plank- 
ton, are not sharply separated. There are not only transitory stages 
but also many organisms of borderline habits. Most members of the 
nekton and benthos are for a period properly plankton. The swimming 
powers of many animals put them midway between the plankton and the 
nekton, and many forms, for example some mysids, amphipods, cumacids, 
and so forth, live both on or near the bottom and are sometimes called 
hypoplankton. Many of the planktonic animals do swim freely and may 
quickly move many times their body length, although, owing to their 
small size, little distance is covered. The direction of swinuning is fre- 
quently haphazard and intermittent, resulting in little progress. How- 
ever, under certain directing stimuli such as light and gravfty, the 
resultant movements do bring about consistent, although restricted, 
migrations. 

Categories of animal plankton are defined according to duration of 
the life cycle in the pelagic state, according to size; or according to 
habitat. 

Temporary Plankton. The planktonic eggs and larvae of the 
benthos and nekton make up what is known collectively as the temporary 
plankton (fig. 224). This temporary element, or meroplanklon as it is 
sometimes called, is especially abundant in the ncritic waters and is 
composed mainly of developmental stages of the invertebrates, but 
includes also the young of the fishes. 

The following examples give the computed maximum concentrations 
of various invertebrate larvae taken at separate stations by means of a 
No. 20 plankton net towed vertically from 25 to 0 m in neritic waters of 
the Bering Sea during August (Johnson, 1937) ; 

Number per cubic 


Larvae meter of voter 

Ophiopluteus 1 , 236 

Echinopluteua 12,195 

Bipinnarian 887 

Annelid 8,130 

Barnacle nauplius 604 

Pelecypod veliger 17,073 

Gastropod veliger 7,888 
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The tempomy plankton is diaractraistically seawmal in occurrenoe 
since it is dependent upon the spawning haUts of tibe parental stock. 
But there is sufficient variation in spawning time of differrat species, or 



Fig 224 Characteristic larvae of the meroplankton. (a) 
chaetate larva of the annelid Plaiynere%9 agoBStzt, (b) zoea of sand 
crab, Emerita analoga, (c) c 3 rphonautes larva of bryozoa, (d) tad- 
pole larva of sessile tunicate, (e) pihdium larva of nemertean 
worm, (f) advanced pluteus larva of sea urchm, (ff) hsh egg with 
embryo, (h) trochophore larva of scaleworm, (t) veliger larva of 
snail, (j) pluteus larva of brittle star, nauplius larva of bar- 
nacle; (0 cypns larva of barnacle, (m) planula larva of coelen- 
terate, (n) medusa of hydroid 

even tonrinuous spawning of a single species, to provide a greater or 
smaller amount of temporary plankton at all seasons, even in high boreal 
waters where the temporary element is usually much suppressed. The 
lengtlr of larval period is also important in this respect, and may vary 
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from « few hours, «8 in the tube worm JSpirorbis, to a period of perhaps 
four or five months, as in Emerita, the sand crab. 



Fig. 225. Characteristic holoplankton protozoa: (a) forammifera 
(Globtgenna), (h) dinoflagellate (Gymnodtnium), (c) tintmiiid {Stena- 
9 omella); (d) tmtmnid (Fovella); (e) radiolanan (ProtoryBtis); (/) Adio- 
larian, (^) dmoflagellate (NocUluca), 



Fig 226 Characteristic holf^lankton coelenterates and 
ctenophores: (a) comlnjelly (Pleurobraekta); (b) siphonophore 
(VeleUa); (e) jell 3 rfish (Aglantha); (d) siphonophore (Dtphges) 


Permanent Plankton. The remiuning part of the plankton is 
made up of animals living their complete life cycle in the floating state 
an([ is called the permanent plankton or holoplankton (figs. 225-228). 

The holoplankton is composed of forms representing nearly every 
phylum of the animal kingdom with the exception of the sponges^ bryo* 
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zoans, and phoronids. Certun of the psradtic nematodes and datwohns 
are not in the strict sense planktonic though they are associated with 
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FiK. 227 Characteristic holoplankton crustaceans: (a) 
ouphau8ii<] {Kuphausm), (b) ostracod (Conchoecta), (c) copepod 
(Calantts); (d) amphipod (Phronemta) m empty mantle of the 
pelagic tunicate Salpa. 



Fig 228. Characteristic holoplankton, miscellaneous: 
(a) arrow worm (SagiUa); [h) annelid [Tomopteris); (r) 
nemertean (Nectonemerte^); (d) pteropod mollusc (Ltma- 
etna); (e) tunicate (Oikopleura); (/) pteropod mollusc 
(Chone). 


planktonic hosts. The free-living Platyhelminthes are predominately 
benthic although their larvae are conspicuous members of the temporary 
plankton. There are a number of pelagic nemerteans such as Planh> 
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tonemerte* and NttUmmerUt, The rotifen of the Trochehninthes are 
intermediate m^nbeie, since many, if not all, at times possess resting 
stages in the form of special eggs which sink to the bottom and await 



Fig. 229. Some floatmg adaptations of plankton animals: (a) copepod 
(.Aeffuthiui); (h) decapod {J/uc^tr); (c) barnacle naupbus; (d) copepod (OtMona), 
(e) holothunan (JPeU^ftMuria); (/) pelagic egg of coiMpod (Tortamu); {g) phyl* 
losoma larva of lobster; (A, t) copep^ (Sappkinna), side and dorsal views. 

return of favorable living conditions in the plankton. Among the 
echinoderms only the sea cucumbers have members, Pdagotkuria (fig. 
229-e) with two species and Planktotkuria with one species, which live 
their whole life cycle in the plankton. 
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All othfflr phyla are abundantly represented in the hol<q;>lsiiktoii. 
However, no planktcm anima ls play so vitid a role in the eccmomy of tilie 
sea as do the Crustacea of the phylum Arthropoda, and among' tah etw* 
the copepods rank first in most parts of the ocean although in many 
instances euphausiids are of equal or greater importance as food for 
the larger plankton-feeding animals (p. 906). Among the hitter crus- 
taceans we should mention the decapod crustacean, Lucifer, which, 
though of small importance numerically, illiistrates a remarkable diver- 
gence from others of the group in adjusting itself to a floating life (fig. 
220-b). It is of interest to note here that in the sea, as on land, it is the 
arthropods that have gained the greatest diversity and numbers. In 
the sea the Crustacea are a counterpart of the Insecta on land. 

Macro-, Micro-, and Nannoplamkton. Most of the planktonic 
organisms are microscopic or semimicroscopic in sise but there are 
notable exceptions, for instance, among the scyphosoan jelly fishes, some 
of which may attain 1 m or more in diameter, witix tentacles up to 25 m 
long. This wide range in size has, for convenience of study, led to yet 
further subdivision of the plankton on the basis of relative size. Thus 
we may distinguish broadly between three (or more) convenient size 
groups. No sharp lines can be drawn between these, but usually the 
macroplaTikton is that taken with a coarse net. It includes the large 
forms and many small ones that can be readily seen with the unaided 
eye, that is, animals of about 1 mm or more in length that would be 
normally caught with a net of No. 00 or 000 bolting cloth. (The phyto- 
plankton does not usually form a part of this division.) The forms 
between about 1 mm and 1 cm are sometimes called meeoplankton, but the 
term should be avoided in this sense because it is also used to designate the 
general plankton living in mid-depth waters below the epiplankton. 
The largest of the plankton forms are sometimes called megaloplankton. 
The microplankton, also in part called net plankton, is that whidi is 
composed of individuals below about 1 inm in size, but yet large enoufd^ 
to be retained by a net of No. 20 bolting cloth with a mesh aperture of 
about 0.076 mm. The nannoplankton (dwarf plankton) comprises many 
of the very small forms (about 5 to 60 m) such as the smaller diatoms, 
dinoflagellates, coccolithophores, protozoans, and bacteria, which readily 
pass through the meshes of a new No. 20 net (fig. 90, p. 377) and must 
therefore be collected by centrifuging the water. Sizes below these are 
the uUraplankton. Lohmann (1903) demonstrated the presence of 
nannnplimlftnn by using hard filter paper, and also by a unique method 
in which he examined the tiny forms cau^t in the filtering apparatus 
of the “house ” of the appendicularian Oikopteura. The appendicularian 
“house” is a temporary gelatinous structure that serves as a complete 
investing ease wMch protects the animal and also acts as a filtering 
apparatus for catching food (fig. 239). In the “hotue” there is a set 
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two filters, the coftrseness of which depends upon Ihe ease of the animal. 
The first or outer fflter removes organinns of sise greater than about 
127 M by 34.6 Ihe inner filter retains or^nkms above 30 n in diam> 
eter. With these fine filters the animals gather the nannoplankton for 
food. 

Nebitic and Oceanic Plankton. Many pelagic organisms, both 
plants and animals, are bound strictly to coastal waters while others 
occur normally only in offshore waters. These requirements give rise to 
two divisions of the plankton, based on their relative dependence on the 
coast. 

To the neriHc ecological division belong ^e forms which normally 
inhabit the waters in the coastal areas and extend only a short distance 
seaward, depending upon the depth and type of circulation. The neritic 
forms on the whole prefer relatively warm water during the growing 
season, with some reduction of salinity. They are usually seasonal in 
occurrence, especially in the northern latitudes. Vast swarms of pelagic 
larvae of benthic invertebrates and many fish eggs and fish larvae are 
characteristic of the neritic plankton. Resting stages occur in the life 
histories of many of the species, such as the cladocerans Podon and 
Evadne, and the rotifers. It must not be understood, however, that the 
neritic plankton is composed chiefiy of temporary plankton. On the 
contrary, the dominant element is often the holoplankton, adults and 
young, which are bound to the coastal regions for some unknown*reason — 
perhaps by nutritive, physical, or chemical bonds. The copepods loom 
large among these permanent plankton forms. 

In discussing the plankton/ bf the Gulf of Maine, Bigelow (1926) 
cites certain of the medusae as conspicuous inhabitants of neritic nature. 
These are the moon jelly Aurelia; the large red jellyfish Cyanea; and the 
small hydromedusse Melicertum companula and Sar»ia, all of which are 
budded from sessile stages in the shallow coastal zone. Many other 
medusae and also pelagic larvae of such animals as shore crabs and 
molluscs could be added to this list of strictly neritic forms. It is 
significant to note, as Bigelow has pointed out for Melicertum companula, 
that some of these pelagic stages are confined mainly to coastal zones 
because they have originated there from parental stock dependent upon 
the immediate coast and not because of any inability to withstand oceanic 
conditions. Some neritic animals may be found in oceanic waters into 
which they have been carried, but they are relatively or totally sterile, 
being unable to complete successfully all stages of the life cycle (p. 859). 

The neritic forms are the greatest producers of the sea, for in the 
coastal waters the food materials are most readily available for plants 
and through these, successively, for small and large animals. Practical 
evidence of this relation is seen in the fact that most commercial fish 
are taken in coastal waters. 
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The oceanic division, as the name implies, includes fonns that are 
contrasted with the coastal population, since they occur typically at some 
distance from the coast and over profound depths in the open sea. They 
constitute the so-called “blue-water” or high-oceanic population. The 
animals of the oceanic plankton are characteristically holoplankton types 
that are not dependent on the sea bottom or on the proximity of land; 
indeed, as a rule, they do not survive long if blown by winds or swept by 
currents into really neritic situations. Characteristic animals of the 
oceanic plankton are: VeleUa, which floats in vast swarms at the surface 
with its oblique sail projecting to catch the surface breeze; the salps; 
the violet snail, J angina erigtta, which in time of storm drifts to the 
beaches in company with VeleUa; many copepods of different genera, 
Sapphirina, Rhincalamts, Eucalanus, and others. It is not possible to 
distinguish sharply between the nentic and the oceanic populations, for 
there is much overlapping at the border line; there are also forms of 
relatively great ecological valence, that is, forms tolerant of a wide range 
of ecological conditions, and such forms are to be found indifferently 
in both coastal or offshore situations. These are the panthciassic 
types. 

Special Adaptations of Animals to Planktonic Existence. In 
discussing the adaptations of the phytoplankton, it was pointed out that 
the rate of sinking of a body heavier than water depends upon the ratio 
of surplus weight to friction, and friction in turn is determined mainly 
by the surface area. The simplest way to obtain a relatively large area 
is to reduce the absolute size. Therefore the small site of most planktonic 
RnimalR is of extreme importance in keeping them afloat; but, as indicated 
for the plants, special structural adaptations are also provided. 

In contrast to most members of the phytoplankton, the planktonic 
animnla usually have some powei to swim. That this is highly important, 
especially for the larger crustacean forms, is shown in the following 
summary from Gardiner (1933), which gives the average time required 
for anesthetized Calanas finmarchicus of different lengths to sink through 
a column of water 250 mm deep having a temperature of 18.5*0 and a 
salinity of 35.01 ®/oo: 


" 

Length of 
specimen (mm) 

Mean time for 
Sinking (seconds) 

Length of 
specimen (mm) 

Mean time for 
sinking (seconds) 

2 1 

181 3 

3 2 

70 3 

2.3 

no 8 

3 4 

58 9 

2 6 

114 9 

3 6 

57 9 

2 8 

106 8 

3 9 

43 9 

” 1 

74 3 

4 0 

i 

31 0 
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The experimental data included additional lengths, and the correlation 
between sinking time and length of specimen, expressed as coefficient of 
correlation, was 

r = -0.63. 

The ability to swim varies greatly with different animals, but even 
very feeble swimming, when favorably directed as a response to gravity 
or to light, must work to great advantage in keeping the organism within 
the water stratum having tolerable living conditions. The ciliates 
depend largely on ciliary action as do also the ctenophores, the trocho- 
phores, and other similar larvae. It is signiffisant to note that the pelagic 
young of bottom-dwelling forms almost invariably possess a great 
development of cilia or a greater length of spines and bristles in greater 
profusion than occurs in the adults. Euphausiids and at least the larger 
copepods keep their locomotive organs (pleopods, maxillae, second 
antennae, and so forth) almost incessantly in motion for feeding, respira- 
tion, and swimming, and appear to depend rather little on special sus- 
pensory organs. The chaetognaths, or arrow worms, all species but one 
of wliich are planktonic, depend mainly upon swimming, for which they 
are rather well adapted by development of fins and longitudinal muscles. 
But many of the plankton animals that can swim are also especially 
adapted to resist sinking when they are in a state of rest.^ Here the 
means of adaptation are mostly along the lines of increased length of 
appendages, of spines or bristles, or of dorsoventral flattening of the body 
(fig. 229, p. 818). 

The radiolaria and pelagic foraminifera develop long spines and 
irregular shapes, a method not unlike that employed by some diatoms, 
and the size of some species of radiolaria may be much decreased in the 
warmer surface water. In ChaUengeria, for example, certain of the 
smaller species averaging about 0.11 to 0.16 mm live in the less 
viscous surface waters of 50 to 400 m depth, whereas the larger species 
avera^ng from 0.35 to 0.58 mm live in the colder viscous waters of 
1 500 to 5000 m depth . Between these depths the average size of different 
.species ranges from 0.26 to 0.28 mm. The chief method of flotation for 
many of the copepods is found in the increased length of appendages and 
the spines or bri.stles that grow upon them. The tropical forms show a 
greater development of plumose structures than do the northern species, 
and this is just what we should expect because of the reduced viscosity 
of the warmer water (see p. 857). The warm-water copepod, Sapphirina 
(fig. 229h and i), has no extensive development of spines of plumose 
structure, but it is flattened dorsoventrally in a manner that enlarges the 
ventral surface and gives greater water resistance while sinking. The 
lobster phyllosoma larva is similarly constructed and adapted to its 
pelade period. The long spines, antennae, and so forth, common in 
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bilateral animals, usually project laterally, thus giving resistanoe at ii|^t 
angles to the pull of gravity, and therefore function as does the flattened 
body of Sapphirina. The development of webs, as in Pdagioikuria, is 
another form of adaptation. 

The presence of oil is a common and most effective method of reducing 
specific weight in pelade eggs; it is also found in the copepods, euphau- 
siids, radlolarians, NoclUuca, and others. In the copepod CdUmua 
finmarchicut there is a well-defined hydrostatic oi^an filled with oil; this 
consists of a very thin sinus l 3 dog in the mid-dorsal axis of the Iwdy. 
The oil also apparently functions as a food reserve since it varies greatly 
in quantity, and its quantity is perhaps indicative of past living conditions. 

Among the siphonophores, pneumatic fiocUs serve as a hydrostatic 
apparatus. Physalia and Velella are good examples of this type of 
adjustment and, in addition to the floats, possess sails that extend above 
the water surface to enlist the aid of the wind in giving more rapid 
transportation. 

Finally, it should be noted that the toater content of many animals of 
the plankton community Is very high, being in excess of 96 per cent in 
some jellyfish The jelly-like transparency of many plankton animals, 
for instance the salps, the leptocephalus eel larvae, the pelagic annelid 
Tomopteris, the ctenophores. the heteropods, the chaetognaths, the 
copepods Eucalanus and HcJopttlus, and many others attest to the high 
water content of their bodies. The maintenance of this high water 
content is facilitated because the body fluids are isotonic with sea water. 
The skeletons (wrhen present) of planktonic animals are remarkably thin 
m contrast to many related benthic forms Some of the t 3 rpical means 
of flotation are illustrated in fig. 229. 

For a fuller discussion of the planktonic adaptations, the reader is 
referred especially to Steuer (1910) 

RELATIONS TO PHYSICAL-CHEMICAL PROPERTIES OF THE ENVIRONMENT 

A study of the influence of onviroiimental factors on the lives of 
marine animals encounters numerous difliculties not met with in the 
study of plants. The fundamental factor of nutrition is more dearly 
recognized in plants than in animals, for wc know rather well the simple 
elements that are utilized by plants in the synthesis of their caibohy- 
drates and proteins, and several of these elements are now readily 
measured quantitatively. The means by which the elements are con- 
veyed to the very limited euphotic zone of the sea where plants may grow 
can also be determined approximately by hydrographic surveys. The 
quantity of light needed for plants to balance photosynthesis and respira- 
tion is measurable. Under favorable conditions the rate of production 
in unicellular plants, especially diatoms, is extremely rapid, thus offering 
a good index to the operation of environmental factors. In most animal 
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populations the relation between the causal factors and their effect is less 
immediate, and therefore frequently less obvious, than in the case of 
plants. Modes of nutrition and methods of obtaining food are widely 
different in different groups of animals. These are dealt with more 
logically elsewhere (p. 886). 

The duration of life of the individxial animal is on the whole relatively 
long, and frequently the development is very complex with separate 
stages, each with habits and needs of its own (p. 318). The various 
degrees or methods of locomotion are highly important in the adjustment 
to the conditions of life. All these variations make it necessary in 
biological studies to consider not only the separate species but also the 
whole life cycle of the individuals from the egg to the spawning adult. 
This will become increasingly obvious as wo consider in the following 
pages the influences of the various factors. 

In studying conditions of the natural environment it is not possible to 
isolate completely for discussion the separate factors, since these factors 
do not in nature operate separately on the population but rather directly 
or indirectly in groups. We shall discuss the subject, however, under 
separate headings in order to emphasize outstanding features, at the 
same time feeling free to introduce correlated features. These headings 
are (a) light, (b) salinity, (c) temperature, (d) ocean currents, (e) oxygen 

Light 

Of all the environmental factors, light is perhaps the most readily 
isolated of all, for its momentary influence on temperature is small and 
therefore of small importance in influencing circulation or density of the 
water. Its direct effect on chemical reactions in the sea is concerned 
largely with metabolism of the organisms, as in photosynthesis and pig- 
mentation. Light is also a factor showing very frequent and marked 
fluctuations in the upper layers of the sea. 

To animals, light has its greatest significance indirectly, as a source 
of energy for the photosynthetic processes of plants upon which all 
animals are wholly dependent for their nourishment. Aside from this, 
animal life may exist without solar light, as is witnessed by the presence 
of animals in the abyssal depths Nevertheless, light or absence of light 
has been one of the most potent factors in the molding of structural 
development and in the adaptations of most marine animals. Light is 
also a great factor in the movement of animals. 

Light and Color. The variegated colors, bandings, mottlings, and 
so forth, of many marine fishes living among the fronds and stipes of sea- 
weeds is a well-known phenomenon to anyone familiar with the sea. 
Likewise, various shades and patterns of gray and black are common, for 
instance, among tide-pool sculpins and the littoral flatfish of sandy or 
muddy bottoms. Many littoral crustaceans living upon seaweeds 
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acquire the same color as their background. The isopod Peniidotea 
reaeaita is almost indistinguishable from the kelp and eelgrsss upon 
which it lives, while its relative Ligyda, living on gray rocks at the high- 
tide level, is speckled gray and black. The prawn Hippolyte variaiu is a 
striking example of color adaptation. Not only does it correspond to a 
given background of color but it also changes readily with change in the 
background color; at ni^t, moreover, no matter what the dasrtime color 
may be, the animal changes to a beautiful transparent blue (Russdl and 
Yonge, 1928). Flatfish have been shown by experimentation to assume 
shades and patterns strikingly appropriate for making them blend with 
their background (Sumner, 1911). Many other examples could be 
mentioned of color adaptations whereby appropriate changes provide the 
minimum amount of contrast with background. 

In more recent publications Sumner (1934, 1939, 1940) has reviewed 
his own and other investigations pertaining to mechanisms of color 
changes and quantitative effects of visual stimuli on pigmentation, 
especially in fishes. The mechanisms that bring about these changes in 
color or shade arc associated with the chromatophores or pigment cells, 
the contents of which are either activated directly by intensity of incident 
light or mediated through the eyes and nervous system in response to 
color or to albedo (proportion of incident light reflected) of the back- 
ground The pigments of the chromatophores produce degrees of shade 
or color by the dispersion or concentration of the pigment within the 
irregularly shaped chromatophore cell A display of greater or smaller 
amounts of the pigment results, either evenly over the whole surface of 
the body or irregularly in patches, the resultant effect depending upon 
the degree of dispersion or concentration of pigment and upon the amount 
of pigment involved 

In the above we have referred mainly to a method of color change that 
is concerned only with rearrangement of the pigments already present. 
Such changes are usually quite rapid and may even occur within a few 
seconds, as is witnessed by reactions of the cephalopoda in which color 
intensity may quickly shift from pale gray to a rich chocolate as the 
animal passes over a lighter or a darker substratum Here light appears 
to be the stimulus activating the changes but, in addition, nervous 
reactions related to feeding or presence of enemies may also produce the 
temporary color changes in cephalopoda. 

A second type of color change mvolves gradual change in the quantity 
of pigment or m the number of chromatophores present. Experiments 
1^ Sumner and Doudoroff (Sumner, 1940) showed that during a period 
of about twp months the amount of the pigment melanin produced in the 
guppy {Lthitte$ retieulatus) was nearly independent d the intensity of 
the lig ht but was dependent upon the albedo of the background. The 
amount of m ela"*" (or the number of melanophores) was found to be 
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nearly inversely proportional to the logarithm of the albedo of the back- 
ground, suggesting an analogy betweaot these pigmentid responses of 
fiAhes and those phenomena of human sense perception upon which 
the Webcr-Fechner law was based. Pigment changes of this nature are 
accomplished more slowly and in response to persistent appropriate 
stimuli such as shade or color of background. The resulting color tones 
also are more persistent. Many animals that apparently possess no 
power of color change undoubtedly respond to surrounding conditions by 
this slow persistent method. 

Much might be written pertaining to protective coloration of animals, 
its physiology, evolution, and purpose, but' ecologically the greatest 
significance that can be attached to the ability, possessed by some animals, 
to respond to their backbround by closely matching their own color with 
it, is the protection they must thereby gain in relation to their organic 
environment. It has been shown experimentally (Sumner, 1935) that 
certain fishes (Gambtisia) adapted to blend with their background have a 
greater likelihood of survival from attack by predators than do fishes of 
the same type that are in contrast with the background. If we may trust 
our own visual sense as an index, we know that only the closest scrutiny 
can reveal the presence of some animals made practically invisible by 
the cloak of blending color or shade. 

In what has been said, we have considered only littoral anigials that 
live on or near a more or less illuminated background of solids, either 
the substratum or larger plants. There is, however, a great array of 
animals not normally provided with such a background. In the pelagic 
habitat, for example, the "background” is the surrounding water, and in 
the abyssal-benthic division the background is entirely devoid of solar 
light. In the pelagic division the aqueous surroundings have all degrees 
of light intensity, from sunlight at the surface to absolute darkness in 
the great depths. The quality of light is also different at different depths, 
since water does not absorb all light rays uniformly, but the Michael Sara 
Expedition found that in southern waters even the most penetrating 
rays failed to affect photographic plates exposed for two hours at a depth 
of 1700 m (p. 83). 

It is of special biological interest to note that at a depth of 500 m the 
rays detected arc not entirely diffused by the water but are directed so 
that shadows, however faint, should result. The dorsal side of an 
animal even at this depth is more exposed to light than the ventral or 
lateral sides and this may exert an influence, along with the force of gravity, 
in the orientation of the animals. To animals living at shallow depths 
the direction of light appears to be of great significance and most fishes of 
these sones are notably darker above than underneath. Investigators 
concerned with the effect of light on pigmentation have expressed the 
opinion that the shade assumed by an animal is chiefly determined by 
the ratio between the light from overhead and the li^t reflected by 
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the eurroundinge (Keeble and Gamble, 1904, Sumn^, 1911). The 
hypothesis holds that the retina of the eye is differently influenced by the- 
upper and lower halves of the field of vision. In melanin production in 
fishes, the animals react positively to a dark substratum, that is, they 
form more pigment. However, with increased illumination from above 
while the lower field remains constant, they react negatively — ^the fish 
is darkened by this combination also. The converse of these combina- 
tions would then give the opposite effects. 

Just how this principle of reaction to light would operate to affect the 
fishes and other animals in the open sea has not been shown, but in the 
zone where there is still considerable light there must be a difference in 
the light intensity from above and below. It appears that the above 
principle is best applied to conditions where the water is shallow and 
the background a well-defined reflecting surface with various values for 
the albedo. Be this as it may, there is still much evidence, especially 
from the findings of the Michael Sars Expedition in the North Atlantic, 
to show that there is a very real, though not satisfactorily explained, 
correlation between the light entering the sea and the color of the animals 
at various levels of light penetration. 

The uniform dark pigmentation of fishes in the lightless depths, as 
contrasted with the ventral-dorsal differentiation of those inhabiting 
the lighted zone, indicates that the direction of light is significant in the 
distribution of pigment. But just why abyssal fishes do not become 
blanched in the absence of light as do cave fishes has not been satis- 
factorily explained. 

It is generally known by mariners and fishermen that the animals 
living at or near the surface of the sea, especially in lower latitudes, are 
commonly blue in color. Such common fishes as the flying fish, mackerel, 
bonita, tuna, and others have backs of blue or blue-green. Some inverte- 
brates, for example the siphonophore Velella and the pelagic molluscs 
Janthina exigiia and Glacucue eucharis, are among the larger and better 
known, while copepod species of PorUellopsis, Anomaloceray and Corycaeus 
are frequent among the microscopic forms. 

The blue and green colors are indeed striking characteristics of the 
surface open-sea life but it must not be concluded that all oceanic animals 
are blue or even predominantly so with respect to numbers. In many 
of the smaller forms, copepods and other crustaceans, pale red is a very 
common color, which like blue may occur as faintest tints in relatively 
hyaline forms. Hyaline or colorless animals (sometimes with the diges- 
tive tract or other parts colored) are as characteristic of the open sea as 
are the blue, pr even more so, from near the surface to moderate depths 
(up to 200 to 300 m or deeper). Among these hyaline forms may be 
mentioned the salps Salpa and Doliolum; the arrow or glass worms Sdgiita; 
the pelagic heteropod molluscs Pterotrachea and AUania; the Ctenophora 
or comb jellies i the copepods Eucoliitvus and HaloptiluBi and many fish 
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larvae. The list could be extended almost indefinitely. The crystal 
clear aspect of many of tiiese ammals must make them practically indis- 
tinguishable to predators. Yet if this is a protective adaptation, we are 
left with the need of explaining why many species of these hyaline forms 
are so rare in comparison with others of the same type of animab that are 
more conspicuous owing to presence of color. As examples we may men- 
tion the hyaline versus the opaque or colored copepods. The latter are 
far more abundant as a rule. Perhaps the protective feature is coupled 
with a low rate of fecundity; or in plankton forms the unselective mode 
of feeding by predators may be yet another explanation since the hyalinity 
would be of little survival value. 

At depths of about 300 to 500 m the silvery fishes, Argyropdeciu 
(fig. 231-a), Chauliodus, and others, form a conspicuous though small part 
of the faima, and there is a marked increase in reddish and dark-colored 
animals: dark fishes such as Cydothone; many red crustaceans, wholly 
or partly colored, including, for example, the red prawn AcarUhephyra, 
and numerous copepods such as Getanus, Meiridia, Pleuromamma, and 
Euchaeta. The red SagiUa nuuToeephala and Ettkronia fowleri of these 
depths are in contrast with colorless chaetognaths taken at higher levels. 
Other dark colors occur, including dark violet pteropods (Peraciles 
divert black or dark violet fishes (Gonostoma spp.), and brown medusae 
(AtoUa). • 

In the deeper lightless waters, brilliant red, scarlet, or red-violet 
prawns {AcarUhephyra spp.) persist, but the fishes are all black, black- 
violet, or brownish. 

The depths at which these Characteristically colored animals appear 
are not the same in all parts of the world. In waters of higher latitude the 
species of intermediate depths are nearer the surface than in tropical seas. 
Forms occurring at about 200 to 500 m in the higher latitudes, between 
about 67° and 50°N, will be found near 750 m at the latitude 33°N 
(Hjort, 1912). This difference indicates strongly a correlation with the 
degree of submarine illumination, for the upper limit of the dark pig- 
mented forms agrees with the relative depths of light penetration at these 
latitudes. Further evidence is gleaned from the fact that in related 
species or varieties the darker and more heavily pigmented ones come 
from the greater depths. For example, among the &hes the light-colored 
Cydothone signata has its lower limit near the upper linut of the black 
C. microdon. This is indicated by the following hauls taken at three 
depths by the Michad Sars at about 35°N. 


Depth (m) 





214 (small) 

1000 

82 

448 

1600 

22 

322 
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A similar vertical distribution was found for certain other lonns of 
life. The deep-sea medusa AtoUa havtdi has four varieties based on Ae 
degree of pigmentation. They range from a variety with pigment only 
in the stomach to the deepest dwelling variety with quite general 
pigmentation. 

The red rays in the spectrum are quickly absorbed by the surface 
waters, hence, the animals below the surface live in a green, blue-green, 



Fig. 230. Deep-sea fishes: 'a) Macropkarynx longU 
candatua (after Brauer), length 15.1 cm, from 3500m depth; 

(5) BathypUroin Umgicauda (aftei Gtlnther), length 7.6 cm, 
from 550 m depth ; (c) Qigantaciu macronema (after Regan), 
length 13.3 cm, from 2500 m depth; (d) Linaphryne 
macrodon (after Regan), length 5.3 cm, from 1500 m 
depth; (e) Malaco9tu8 indtcus (after Brauer), length, 8 cm, 
from 014-2500 m depth. 

or listless world. In the abyssal regions it is indeed difficult to imagine 
what survival value any color can have, but near the surface, for example, 
the jfishes with blue or green backs and silvery or light ventral sides are 
rendered thereby less conspicuous both from above and below, and the 
darker colors of tushes in dimly lighted depths also seem appropriate. In 
dftyUght red is a conspicuous color, but in the sea a red object appears 
quite black at a distance of only a few meters owing to the rapidity with 
which red raye are absorbed by water; and at depths below the penetra- 
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tion of the red rays it could not appear red at all because an object can 
appear in its true color only when bathed in^ li|^t with rays ot its own 
cobr. At night some dark>colored fishes migrate to the very surface, 
and many other deep^lwelUng animals also make daily journeys from 
the depths when the inhibiting effect of daylight is removed (see below). 

Light and Stboctubal Adaptations. That the quantity or quality 
of light has a marked influence on the coloration of marine animals 
inhabiting different depths of the sea seems beyond all reasonable doubt, 
but the influence of deep twilight or absence of light has indirectly placed 
a more remarkable stamp on structure than;pn color. This is manifest 
by the strange and weird anatomical adaptations, especially of many 
abyssal fishes. 

These adaptations are concerned with structural modifications 
fitting the animals better to survive in faintest light or in utter and 
perpetual darkness. They are mainly along three lines: (1) tactile 
structures, (2) food>procuring contrivances, (3) light production. 

Reference to publications dealing with abyssal fishes (Gunther, 
1887, Brauer, 1906, Murray and Hjort, 1912, Regan, 1932) will illustrate 
how characteristic are modifications along these lines. Development of 
tactile devices is an important feature in numerous instances and is well 
illustrated in Mcuropharynx longicandatua, several species of Bathypterois, 
Gigantactis macronema, Linophryne macrodon, and other deep-^ea angler 
fishes (fig. 230). These sensory structures may, as indicated in the 
figures, involve modification of the whole body whereby it is elongated 
and ends in a disproportionately long threadlike tail as in Macropharynx; 
or, in the more conventional bodies, the fin-rays may grow to a length 
several times that of the body; or tactile threads of various types may 
grow directly from the head. The prawns of deep water also possess 
extremely long tactile antennae, some of which may be twelve times the 
length of the body as in Aristaeus arislaeopsis. 

The food-procuring contrivances of deep-sea fishes consist commonly 
of an extraordinarily immense mouth in proportion to the body size. 
The stomach and abdominal wall may be so elastic that it is possible for 
some of these fishes, Cheasmodus or Melanocetus for example, to swallow- 
other fishes three times their own size and many times their own weight. 
Many of the deep-sea fishes are provided wdth formidable teeth, attesting 
to their carnivorous nature. As if this were not enough, some species of 
deep-sea angler fishes possess a tactile organ, the illicum, useful as rod 
and line, and provided wdth a terminal luminous lure, which in some cases 
may even be armed with hooks, as is the case wdth Laaiognathua (Regan, 
19%; fig. 231-b). These angling processes may be four times as long 
as the fi^, as in Gigantaelia macronema (fig. 230-c). In food habit these 
fish must be mainly piscivorous. The possession of these unusual 
devices is correlated with the scarcity of food in the deep-sea pelagic 
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habitat and the difficulty of coming regularly in contact with what is 
preset. That food is indeed scarce is shown by plankton net haids 
taken in deep water. It should be noted here also that among these 
angler fishes of deep water, 600 to 2000 m or deeper, a strange adaptation 
occurs whereby the dwarfed males become permanently attached as 
parasites to the females, as in Edriolychnus (fig. 231-c). This is probably 
a means for assuring fertilization of the eggs at maturity and thus for 
maintaining the species in a habitat where the sexes might otherwise be 
lost to each other. 

We have but little information regarding the depth at which fishes 
and other animals can see, but ^ 

for purposes of comparison the /' 

question may be raised as to / 

the depth at which light is still j //J 7 

perceptible to the human eye. 

The human eye appears to ” 

respond to an intensity of light •> 4 t , ■— iT' 

about 10 “‘® times that of bright 

sunlight, the greatest sensitivity \ 

at low intensities lying in the \ 

green at wave length .503 ft. \\ ~ 

One can easily find the depth 
at which light is still perceptible | sT 

b}’^ making use of the absorp- U 

tion coefficients at .503 it which 

have been found for the 2*1. Deep^wa fishw (a) Argy- 

^ ^ . ropehcus hemtgymnua (after Hjort), lengtli 

different types of water (p. 3 5 f^om 300 m depth; (6) Lanognatktu 

84). These depths, based on saccoalama (after Regan), leni^h 7.6 cm, from 
Utterback’s data (1936), are 2000 m depth; (c) Bdnoiycfcnu* (after 

entered to the left in Uble 97, 

and to the right in the same table are entered corresponding values which 
Clarke has computed from his observations. In the clearest oceanic 
water li gh t, should still be perceptible at a depth of 700 m, whereas 
in average oceanic water the corresponding depth would be 300 m, 
and in turbid coastal water 60 m. The values agree well with those 


Fig. 231. Deep-aea fishes: (a) Argy- 
ropeJecut hemigymnus (after Hjort), length 
3.5 cm, from 300 m depth; (6) Latiognathiu 
saccoalama (after Regan), len^h 7.6 cm, from 
2000 m depth; (c) Edriolychnus schmidti (after 
Regan), lengtli 7 cm, from 2000 m depth. 


of Clarke (1936), who finds that in the Sargasso Sea light is perceptible 
down to 430 m, whereas in Woods Hole Harbor light could not be 
perceived below a depth of 75 m if the waters were that deep. Clarke 
compares his results with Beebe's observations from the bathysphere, 
according to which complete darkness for the human eye was reached 
at a depth of between 520 and 580 m. Helland-Hansen’s observations 
indicate that even at these depths light is directed, wherefore weak 


shadows will be present. According to the experiments by Grund- 
fest (1932), the eiunfish LepofMs can see at illumination as low as that 
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to which the humen eye still responds, like depths listed in table 
97 would therefore roughly represent the depths at which the sun- 
fish was barely able to see during hours of brightest dayl^ht. It is not 
known whether these results can be generalised or whether other fishes 
have a greater or smaller range of light sensitivity than the sunfish, but 
it appears safe to assume that to many fishes vision is possible at quite 
appreciable depths. It is reasonable to believe that fishes, normally 
inhabiting very deep water and showing special adaptations, can see at 
even greater depths than Lepomis, Hence there is good reason for fish 
of those depths to retain their eyes. 


Table 97 

DEPTH AT WHICH THE HUMAN EYE CAN BARELY PERCEIVE GREEN 
LIGHT OF WAVE LENGTH .603 M 


Type of water 
(from Utterback’e data) 

Depth ! 
(m) 

Region 
(from Clarke) 

Depth 

(m) 

Pure sea water 

1530 



Clearest 

700 

Sargasso Sea 

430 

Oceanic water Average 

300 

Deep basin, Gulf of Maine 

230 

Turbid 

158 

Georges Bank 

180 

Clearest 

115 

Off Gray Head 

130 

Coastal water Average 

80 

Woods Hole Harbor T. . . . 

75 

Turbid 

57 




In a world of much redkfced light or absolute, darkness, it is to be 
expected that the organs of vision will be among those modified, either 
towards ends resulting in better utilization of the faint rays of solar or 
biological light that may be present, or in diminution or entire loss 
through disuse. Both of these modifications have occurred, even in 
forms that are closely related. The former has been accomplished in 
some instances by enlargement of the eyes to receive better the faint 
rays of light, and by increase of visual rods and loss of the cones in the 
retina. The rods are the functional cells for dim light. Reduced light 
appears also to have led in some instances, in both fish and cuttlefishes, 
to the development of “telescopic" eyes, that is, large-l^ed eyes that 
protrude from the sockets as in Argyropelecua (fig. 231‘a), indicating 
binocular vision. This type of adaptation is not an isolated one but is 
said to occur in five orders and several suborders of fitiies. 

The conditions of lig^t in the deep sea have not invariably led to a 
convergent evolution providing more efiScient eyes according to the above 
modifications; many animals, especially the bathsqjelagic fishes (but also 
crustaceans, at least one species, and a squid), have evolved species that 
are blind or have degenerate eyes, apparently atrophied from disuse. 












ANIA^AlS AND PHYSICAL-CHEMtCAL eNVl«ONM»rr m 

These mainly occur kss than 500 m from the bottom. Some of iha 
deepHsea forms possess tactile structures that must compensate somewhat 
for loss of vision, yet others do not, and they must overcome this handicap 
imposed by the environment in some other way not clear to us. But 
here, as in other perplexing instances, the fact that animals are present 
without adaptations which to us seem most suitable to overcome the 
enciunberments of abyssal life is proof in itself that they have found some 
means whereby survival of the species is assured. Abyssal bottom-living 
fishes appear in general to have retained their eyes, and, indeed, the eyes 
are often larger than those of benthic forms living on well-lighted coastal 
banks (Murray and Hjort, 1912). The question may be asked, of what 
use can eyes be to an animal living perpetually in the darkness of abyssal 
depths? This brings us to a discussion of the phenomenon of light 
production by organisms. Even the most impenetrable darkness of the 
sea is not totally without light, but its light is of biological origin only. 

Biolttminescbnce. In the biolojpcal world, heat and motion are 
common expressions of energy but electricity and light are also produced, 
especially by marine animals. Bioluminescence, popularly spoken of as 
“phosphorescence” because of an earlier belief that it was caused by the 
element phosphorus, is primarily a phenomenon of the sea. It is not 
exclusively confined to the sea, to be sure, but is overwhelmingly more 
abundant there than anywhere else. No light is known to be produced 
by fresh-water animals with the exception of one aquatic glowworm, and 
in terrestrial organisms the production of light is relatively rare. In the 
sea, the power to emit light is not confined to any particular taxonomic 
group of animals but is so generally distributed that most major animal 
groups are involved, from the protozoans to the vertebrates. Many 
marine bacteria also are luminescent. 

The number of animal species capable of emitting light runs into 
many thousands, distributed among such groups as the radiolatians, 
dinoflagellates, hydroids, jellyfishes, alcyonarians, ctenophores, bryo- 
zoans, polychaete worms, brittle stars, many crustaceans (including 
ostracods, copepods, schizopods, and decapods), gastropods, bivalves, 
cephalopoda, protochordates, and true fishes. Harvey (1920, 1940) 
should ccmsulted for a fuller discussion of these. It is hi^ly probable 
that many groups not now known to be luminescent will prove to be so as 
our information becomes more complete. Only recently the nemerteans 
have been reported to have members that luminesce. Light producers 
are found in all marine communities from the surface of the sea to abyssal 
depths. As far as surface display is concerned, luminescence is more 
common in tropical than in northern latitudes, although it may be very 
striking in boreal waters during the warmer seasons. But this is asso- 
ciated in part with the fact that many lumine^nt organisms of the 
surface, especially the dinofiag^lates, are mainly thermophiles, requiring 



834 


ANtMAiS AND FHYStCAL^EMICAL D4VK0NMENT 


the hii^r temperatures for thdr maximum devriopmeut. A study of 
the distribution cd luminoim jBshes and squids indicates also that most of 
these are oceanic forms of the warmer regicms. That lifjd^t may be pro* 
duced at low temperatures, however, is shown the fact that at least 
44 per cent of the fishes inl^biting the dark ocean depths are said to be 
provided with light. Light production among fishes shafiow water is 
indeed rare, the midshipman (Porichtkyt notatus), common on the west 
coast of North America, and the two East Indian reef fishes, Anomalopa 
and PhotoUepharon, perhaps providing the only exceptions. Among the 
benthic invertebrates of the shallow water also, luminescence is rdatively 
rare, although such forms aa ReneUa, StylAtda, and PhoUu are notable 
light producers. 

The light rays produced by organisms are wholly within the range 
of human vision and may at times be sufficiently brilliant to make the 
crests of breaking waves, the wake of a ship, or other mechanically 
agitated water glow with a general greenish light of sufficient intensity 
to enable one to read. This general phenomenon wherein the water 
itself appears to glow is caused by innumerable microscopic organisms, 
mainly dinoflagellates of various types, such as Cerotium or NoetUuca 
(fig. 225-g). Scattered throughout the glowing water are the larger, 
brighter points of flashing light emitted by jellsffish, copepods, euphau- 
siids, annelids, or other larger forms. » 

In many of the luminescent organisms the light results from luminous 
slime secreted over parts of the body or thrown out as a glowing cloud 
about the animal, as in the case, of the squid Heteroteuthia, which produces 
this secretion in a gland cor^ponding to the ink- sac of better known 
squids. Many of the fishes and crustaceans possess very highly special- 
ized luminous organs which in some cases are under nervous control. 
These organs are provided with light-producing cells, reflector, pigment 
layer, and lens. It has been observed (Macdonald, 1927) that six 
specimens of the crustacean Meganyctiphanea norvegica in a two-liter jar 
voluntarily emitted sufficient light for reading news print. 

Only in relatively few instances can we perceive a usefulness of the 
light to the organism producing it. In dinoflagellates, bacteria, jellsrfisb, 
hydroids, and so forth, there appears to be no possible utility; but in the 
higlher forms, particularly those with specialized light organs capable of 
flashing under nervous control and arranged in definite patterns and 
even specific colors, utility seems clear. Light can have meaning in these 
instances only if eyes are developed to see it. In this respect it is sig- 
nificant to note, as has been pointed out by Hjort (1912), that pelagic 
fishes living above 500 m have both well-developed ^es and luminous 
organs, while in the bathypela^c forms below 600 m both types of organs 
are diminished. An apparent anomaly then occurs at the bottcon, where 
the eyes of the fishes are well developed but luminous organs are scarce 



ANIMALS AND PHYSICAL-CHSMICAL »<VIR0HMEMT 835 

if not absmt. However, other orgaiusms living on tiie bottom, euch as 
the coelenterates, are luminous and again it must be that the li^t pro- 
duced makes eyes useful. That biolofdcally produced liid^t is impmtant 
in the economy and development of marine deep-sea life is indicated by 
the fact that eyes are present in deep-sea forms, whereas in the fresh-water 
fauna of caves where light is absent and where there are no light pro- 
ducers the fishes are blind. To animals with eyes, the direct use of 
light-producing organs is perhaps to be found in the aid such light gives 
the higher forms in recognizing individuals of their own species, for the 
arrangement of the light organs and even, in some instances, the color 
of the light are specific. To others, such as the angler fishes, the light 
may function as a lure for prey. A sudden flash or ejection of luminoiis 
secretion serves yet others to frighten away attackers; for example, the 
squid Heteroteuthis ejects a “fiery” cloud instead of the conventional 
cloud of ink to confuse its enemy. 

Confronted with the information which we now have on the distribu- 
tion of organism.s with eyes and on the highly complicated structures for 
light production (Brauer, 1906), we cannot but believe that luminosity is 
of specific use to many animals, although in many forms such as bacteria 
and protozoans its inception may have been only a secondary physio- 
logical manifestation. 

The biochemical activities involved in bioluminescence are only in 
part understood. It is a highly efficient process since the light is prac- 
tically without heat and is entirely within the spectral region of hiunan 
vision, there being no rays of infrared or ultraviolet. The light is 
produced by oxidation of a substance, probably a simple protein known 
as ludjerin, that is produced by the living cells but that may function 
even though separated from the cells. However, before light can be 
produced by union with oxygen it is necessary that another substance, 
luciferase, be present as a catalyst to accelerate the oxidation. 

It has been suggested (Pierantoni, 1918) that wherever light is pro- 
duced the actual agents are bacteria living symbiotically with the ani- 
mals, but there is evidence that this is not universally true (Harvey, 
1920). 

Biolumiuescence has been discussed at some length because, in com- 
manding the attention of ecologists, morphologists, physiologists, 
bacteriologists, chemists, and physicists alike, it is representative of the 
problems of marine biology. 

Vertical Migrations. Light is a significant factor in the behamr 
of animals both pelagic and littoral. It is therefore an especially ihipor- 
tant factor in the local or restricted (as opposed to geographic) distribu- 
tion of animals. In the intertidal zone most animals are found in shaded 
situations, in crevices, or on the under sides of roolos or ledges. Much 
caution must be exercised, however, in attributing this type of distribu- 
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tion to the direct operation of light alone, since (particuUtfy' in the 
intertidal tame where other factors iu«' influential) the reactions may also 
r^resent native response to stimuli of heat and desiccation so often 
associated with eigiosure. Of survival value also is ^e chMacteiistic 
(thigmotropism) possessed by animals that seek shelter under rocks and 
in crevices, thus avoiding enemies and the impact of waves or currents. 
However, the pelagic larvae of many sessile invertebrates attach them- 
selves especially on the shady sides of rocks, as is shown by the m a xim um 
distribution of the adults of the small sessile tube worms Spirorbii and 
Eupomatus; hence they are said to be negatively phototropic. 

The correlation of animal movements wit^ light is best studied in the 
pelagic division of the ocean and we shall limit our discussion mainly to 
the an im a ls of this environment. Numerous investigations of the 
vertical distribution of plankton organisms of the open sea have shown 
that many, if not most, of the pelapc forms make daily journeys from 
deeper water to the surface at the approach of darkness and begin 
returning to deeper water at or before the break of dawn. This rhythmic 
movement is known as diurnal migrcction. See Kikuchi (1930) for a 
review of various factors that have been considered as motivating forces. 
The range of depth covered and the time of movement vary with different 
species of animals. Those forms capable of moving vertically through 
several hundred meters of depth, whether in diurnal or irregular move- 
ments, are the eurybaihic animals with a wide range of tolerance to rather 
rapid changes in pressure. Since the range of temperature may be 
considerable they may also be euxytheimic. 

A great amount of investigation has been carried on with reference 
particularly to diurnal migrations of pelagic copepods and chaetognaths, 
and these may be considered as typical of much of the plankton com- 
munity and its movements. 

The population does not accumulate and move in a compact body; 
rather, it shows a more or less continuous but uneven vertical distribution 
that sometimes extends over two or three hundred meters in depth. 
The greatest number of individuals will be found concentrated at a 
level where conditions are optimum with respect to light in relation to 
other factors. That portion of the population found at given Hiafjtnwi^ 
below or above the optimum may consist of individuals of uniform age 
or sex (Russell, 1927 , Giaidiner, 1933, Nicholls, 1933). In one investiga- 
tion (Nicholls, 1933) of a mixed population of Calanua finmarducus, the 
adult females exhibited diurnal m4^tions to a greater degree than other 
members of the population. The following data will serve to illustrate 
the general nature of migrations in that species (fig. 232) : 

It will be seen that at 4KX) p.m. on January 24th the females were mnsnofl 
between 30 and 80 meters. The sun set at 4:27 pjn. and by 7 KK) pun. most 
of these females had moved into the upper 30 meters of water. Throo^out 
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injwtigatioQ a small proportion remained in the deeper water irrespee* 
tive of the migration of the bulk. By lom p.m. the accumulation in^ 
up^ was more marked, but by 1:00 a.m. the descent had begun 
were evenly distributed from the surface down to 80 metm. 
At 4;W a.m. they were concentrated between 30 and 60 meters with none 
^the surface. By 7 :00 a.m. they were found between 30 and 80 meters, 
^e sun rose at 8:37 a.m. and by 10:00 a.m. the upper layers were quite 
deserted; most were found between 60 and 80 meters, but a large proportion 
was diB^buted below 80 meters, and 4:00 p.m. on the 26th saw a return to 
the condition in which they were found at that time on 25th. 


The more even distribution at 1:00 a.m. is interpreted as indicating 
the beginning of descent following complete removal of the stimulus of 
diffused light, but this scattering or descent apparently does not always 
occur until return of light at dawn (cf. Metridia, fig. 233; Clarke, 1933). 



Fig. 232. Diurnal migrations of adult female, C<Uanus finmarehicus (from 
Nicholls). 


Not only do different species react differently, but different stages of 
development, and the sexes also, have their own characteristic behavior 
with respect to diurnal response associated with light. A further com- 
plication is encoimtered in that the degree of response is also seasonal, 
indicating changes in physi* logital state (Russell, 1928). Species of 
Acartia give some indication of a diurnal physiological state which causes 
migrations even in the absence of light (Esterly, 1917). 

Since an animal is constantly subjected to various and simultaneous 
stimuli, some of fluctuating intensity, the nature of the movement will 
depend upon the combination at any one time, and it is not always clear 
which is the dominating stimulus. 

In attempts to analyze these daily migratory habits several views 
have been expressed. It is agreed that light is the chief motivating 
factor, but we do not know whether it operates by virtue of its absoltUe 
magnitude of intensity or by change in intensity (Clarke, 1933, Johnson, 
1938). Also it is not yet clear whether light evokes response directly or 
only indirectly through its modification of response to such factors as 
gravity, temperature, and food. The chief directional stimuli that plank- 
ton animals can receive are gravity and light, but the response to these 
may be modified by temperature, salinity, hunger for food, and so forth. 
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Gravity is aa invariable factor constantiy in operation, a force of 
momentous importance in the life of planktonic organisms. If it is not 
favorabfy overcome within water layers offering tolerable living condi- 
tions for the organisms it must result in their ultimate destruction in 
lower water layers or on the bottom. Some of the means employed to 
minimise this rate of sinking by wholly or relatively passive forms have 
been discussed elsewhere (p. 821). It must be emphasized that swim- 
ming upwards (negative geotropism) is of extreme importance, even to 
such weakly motile animals as copepods. But as observations have 
shown that plankton organisms have a twenty-four-hour cycle in which 
upward and downward migrations occur, if has been suggested that the 
intensity of light may be the agency affecting a change in the sign of 
geotropism (Esterly, 1917, 1919, Clarke, 1934). Thus in bright light 
the reaction to gravity is positive and the animals not only sink but may 



Fig. 233. Diurnal migrations of the adult female copepod, Metridia hteent. The 
changes in light intensity are indicated by lines representing the depth at which 
1000 microwatts, 100 microwatts, and so forth, occurred (from Clarke). 

• 

actually swim downward. In the comparative darkness of greater 
depths the effect of light becomes progressively less compelling and a 
threshold is finally reached, as is shown by a maximum density of animals 
at some depth. At midday this maximum will be found at its greatest 
depth. A reduction in light intensity with the approach of evening 
reverses the geotropism and the population spreads upward even to the 
surface. However, on approaching the surface, the population may 
sometimes encounter a sharp gradient of temperature, the thermocline, 
that may supply a sufiSciently strong stimulus to dominate the field of 
stimuli and prevent further ascent toward the surface. Likewise a sharp 
thermocline limits the downward distribution of some surface forms. 
Observations in the Gulf of Maine show that the maximum number of 
Metridia lucene generally ascends to the thermocline, which has a gradient 
of about 7^C in 10 m, but does not pass through it (fig. 233); and Centro- 
pages typieus, which inhabits the warm-water stratum from 10 to 20 m, 
does not in general go below the thermocline into water of 8° to 5*C 
(Clarke, 1933). 

Since most of the microplankton and diatoms upon which larger 
plankton forms subsist are produced in the euphoric layer, it has also 
been suggested that upward migrations may be made in search of food 
when light intensities are not so great as to 1^ prohibitive (Worthington, 
1981). 
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^ni6 phenomexion of diunud migntioiis is not confinod to 
liv^ relatively near the surface. Sergastid prawns, for example, have 
thw m a xinwim abundance between 0 and 200 m at ni|d^t and between 
600 and 800 m during the day (Welsh, Chace, and Nunnemacher, 1987). 
We learned earlier that light is directional even at these depths and could 
conceivably be the directing force in very lifd^t-sensitive forms, as these 
must be. Dark-colored deep-water fishes were taken by the MuAeui 
Scars at the surface during the dark hours, whereas during the day they 
occurred only in the depths of much reduced light. The whole problem 
of vertical migrations is complex; and although we know that extensive 
vertical migrations occur with recurrent external conditions, yet they 
are variable in extent with respect to place and season, and ne^ much 
additional investigation. 

Other vertical migrations are discernible as general seasonal move- 
ments of certain populations. These movements are associated with 
critical periods, breeding for example, in the life cycle of the species 
involved rather than with hght, and are best discussed elsewhere (p. 322). 
Since reactions related to spawning may be more or less spasmodic and 
contrary to the regularly observed reactions, so that extensive swarms 
may be found at the surface even during the daytime, they must be kept 
in mind in the interpretation of vertical movements. 

Salinity 

The character of the population of the sea is unique largely because 
of conditions inherent in the vast extent and depth of the marine environ- 
ment, such as uniformity over vast areas; but the chief single factor which 
makes marine life in general what it is results from the salt content of the 
water. 

It has already been mentioned that a close osmotic balance exists 
between sea water and the body fluids of the marine invertebrate organ- 
isms, and that this precludes the need of impervious teguments or special 
expenditure of energy in maintaining the body fluids at the proper 
concentration (chapter VIII) However, the marine invertebrates are 
usually poikilosmotic only within rather narrow limits and the con- 
centration of salts is not the same everywhere in the sea, but in numerous 
instances the gradients are sharp and great fluctuations may occur in 
restricted coastal regions. Yet all conceivable habitats are occupied by a 
greater or smaller number of animals suited to the circumstances, even 
under very extreme fluctuations; this dispersion gives rise to a classifica- 
tion of animals as well as plants into two laige groups, depending upCn 
their tolerance to changes in saliiuty. 

1. Stenohaline animals are those which are senative to relatively 
small changes in salinity. The animals of this group are especially 
characteristic of deep water and of the open sea, where over vast areas the 
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salinity ranges only betureen about 34 to 36 Voo- These forms usually 
succumb quickly if carried into coastal or estuarine situations by winds or 
currents. It must not be imderstood that stenohaline animals are 
confined to the high seas, for when their tolerance embraces but little 
variance from an optimum salinity, animals are also stenohaline regard- 
less of the absolute value of the concentrations. 

2. Euryhaline animals are those having a great degree of tolerance to 
wide ranges of salinity. They are naturally characteristic inhabitants of 
the coastal re^ons and of estuaries. However, owing to their tolerance, 
they are also frequently found far from shotie as scattered specimens in the 
domain of more stenohaline forms. Appai^ntly other factors related to 
the open sea prevent their successful propagation to a point of numerical 
dominance. The degree of euryhalinity varies greatly in different 
species. Intertidal animals, because of their periodic exposure to direct 
rains or runoff from land, are subject to considerable fluctuations in 
salinity, but when low tide is combined with unusually heavy rains the 
result may be lethal to much of the life on exposed flats and in small pools. 
Much damage may occur to oyster beds during excessively rainy seasons 
even though the adults may survive; major fluctuations in salinity in the 
Fal Estuary are held responsible for the failure of one fifth of the ripe 
females to spawn properly (Orton, 1937). Corals cannot live where 
rivers cause a persistent and great fall in salinity, although «ome reduc- 
tion can be tolerated; the damaging effect of rivers may result m part 
from sedimentation. Vaughan (1919) reports that corals living in the 
tropics are tolerant to a 20 per cent reduction in the salinity of the water 
of their normal environment. « An extreme case of- euryhalinity occurs in 
the harpacticoid copepod Tigriopus, which inhabits small pools usually 
reached only by the spray of breaking waves and therefore subject to 
great ^aporation with attendant concentration of salts, or at other 
times to great dilution from riuns. The calanoid Pseudodiaptomw 
ewyhalimts is 3 ret another copepod subjected to salinity ranges varying at 
least from 1.8 to 68.4 Voo- It normally inhabits small coastal lagoons 
or ponds along the southern California coast and from them it sometimes 
finds its way into the sea; these ponds are periodically diluted or con- 
centrated (Johnson, 1939a). In these instances the animals have not 
sought the salinity in which they live by reaction to a gradient. They 
simply tolerate the salinity and their optimum concentration is not 
known. Completely tolerant forms are exemplified in the salmon and 
the eel, each of which spends a part of its life successively in marine and 
fresh-water enviromnents. 

In a study of the distribution and biology of animals we see that 
within the sea the salinity influences the character or type of animals that 
will be present in any repon rather than the rate of reproduction or the 
total amount of animal organic material produced. However, the 
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greatest abundance with respect to both species and numbers ocean in 
the coastal areas where salinity is somewhat lower than in the sea. 
But as far as animals are concerned, this increased abundance doubtless is 
associated with a greater food supply resulting directly from greater plant 
production, both littoral and pelagic, in coastal watem, and we have seen 
instances (p. 794) where a reduction of salinity or some factor associated 
with this reduction has stimulated the growth of phytoplankton. On 
the whole, there appears to be some selective action, directly operating 
through the effect of the various ions on metabolic processes of eitiier the 
adult or larval stages of animals, so that those forms not attuned to 
the prevailing concentrations are eliminated. An excellent example of the 
economic significance of the salinity relationship of certain marine pests 
is offered by the investigations of the San Francisco Bay Marine ^ing 
Committee (1927) on the factors influencing the destructive activities 
of the moUuscan wood borers in various sections of the bay. The native 
borer Baiikta setacea is limited in its depredations to average salinities 
of not less than about 25 ‘/oo and a minimal salinity of probably not 
below 10 Voo> Untreated wooden structures within the bay where the 
influx of fresh water maintains a salinity below this point are therefore 
immune to the attack of this borer. However, about the year 1913 the 
European shipworm Teredo navalts was introduced to the region and was 
found to be actively destructive at salinities as low as 6 Voo- This greater 
euryhalinity of the introduced species, coupled with a period of reduced 
liver discharge into the bay, resulted in an unprecedented destruction of 
exposed structures leading to a loss of at least $25,000,000 over a period 
of a very few years. 

Pelagic organisms, such as radiolarians that secrete silica, find their 
optimum living conditions in waters of somewhat lower salinity than 
t^t of the open oceans, and this provides a suggestion as to the condition 
of the Pre-Cambrian ocean when, judging from Fre-Cambtian rocks 
(Murray, 1895), radiolarians were apparently more abundant than now. 

The relation between the salinity of the water and the prevailing 
faunas has been an invaluable aid to the study of paleogeography, and has 
led to an interpretation and understanding not only of the geographic 
arrangement of ancient seas, but also of the degree of salinity that must 
have prevailed when the fossilized animals inhabited the area. Ccm- 
clusions can be drawn because many of these fossils are represented in 
present-day faunas by identical or closely related species in communities 
whose natural salinity demands can be ascertained. For example, it 
has been estimated by Ekman (1935) that during the Littorina stage the 
central and innermost parts of the Baltic Sea were about 5 */oo more 
saline than at the present time. This is proved by a study of the then 
iTiTwr limits of distribution of certain molluscs. LtUorina litorea, the 
common shore snail, formerly lived as far north as Sundsvall (62®20'N), 
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idtile at preaoat it does not penetrate farther than Rilgen and the southern 
Otttiet of Oresund. Another form, Riuoa membranacea, onoe flourished 
near Aland, but now reaches no farther than Oresund. The relative 
sues of the molluscs Cardium edule and Mytiltu edulis, these having been 
larger during the LUtorina stage of the Baltic than they are now in the 
same localities, also indicate a former higher salinity. The correlation of 
sise wilii the degree of salinity brings to our attention some of the 
physiological effects of salinity and its variations. 

Size ano Salinity. Among euryhaline animals, individuals living 
in reduced salinities frequently have a ainaller maximum size than do 
those of the same species inhabiting mdre saline waters. This may 
indicate that the greater dilution is inimical and that the animals, 
although able to survive and perhaps even to reproduce, are living near 
the lower limit of their range of euryhalinity, and that only a slightly 
greater deviation from the optimum would cause death. On the other 
hand, the reduced size may result directly from failure of sufficient food 
supply of a type normally dependent upon higher salinity. This is to 
say that the organisms serving as the animal’s food must be adapted to 
live in the same biotope or in one sufficiently near to enable it to drift 
in with water movements. Whatever the cause may be, it should be 
noted here that it is a strange and unexplained fact that with few excep- 
tions marine animals from groups with fresh-water repres^tatives are 
larger than the fresh-water relatives and usually the size difference is 
enormous. In planktonic forms this may be due in part to reduced 
viscosity of fresh water, but for the population as a whole the matter of 
food supply or rate of metabolism needs to be considered. Respiration 
is more difficult in fresh than in sea water. To this burden imposed by 
the environment is also added the necessity for fresh-water forms to 
expend special energy in overcoming the effects of the hypotonic sur- 
rounding medium and in maintaining a proper osmotic equilibrium. The 
fresh-water animals doubtless have suffered many vicissitudes not 
experienced in the more stable marine environment, but the effect of 
this is unknown. 

To return again to the ecological significance of varying salinity in 
the sea, passive offshore plankton oi^ganisms, such as egp and larvae 
having a specific gravity very near that of the water in which they float, 
are likely to lose their buoyancy, sink to the bottom, and be destroyed 
when they are swept by wind and currents into the less dense dilute 
waters near shore or at river outlets (Johnstone, 1908). In a study of 
the distribution of haddock eggs Walford (1938) concluded that the eggs 
tend to remain afloat in water of the same density as that in which they 
were fertilized. When forced into water of a different density, however, 
they are able at least within narrow limits to adopt a new specffic gravity 
to conform with the water in which they drift. In the presence 
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ehajQiges of lees than about 2 per cent of the denoty in whidi tiiey were 
fertilized the eggs can become adjusted sufficiently to remain in 8ttq>en» 
non, but greater changes are inimical. The tendency of eggs to remain 
in water in a narrow range of density is of use in tracing the source of eggs 
since they tend to follow the isopycnics from the point of origin where 
they were spawned. 

Much experimentation has been conducted relative to the specific 
biological effect or function of the various ions in sea water. It will 
not be possible here to give an adequate review of tliis important subject, 
which can be found discussed at length in special articles and texts in 
physiology and physiological chemistry. The function of salts in sea 
water is obviously not restricted to the maintenance of a favorable 
osmotic pressure with the body fluids, for many forms, notably fishes, 
are not isotonic with sea water in this respect. Waters of inland salt 
lakes may have a favorable osmotic pressure (resulting from concentra* 
tion of various salts) for marine organisms, hut other essential salts are 
wanting and the waters will therefore not support marine life. Even 
such forms as the shore isopod Ligyda, which avoids being submerged in 
the sea, from whence it appears to be in process of migration, is unable to 
live unless its gills are moistened with sea water in order that it may 
acquire the essential salts and water useful in its respiration (Barnes, 1932). 

Temperature 

Temperature is a factor of prime importance in the marine environ- 
ment because of its action (1) directly upon the physiological processes 
of the animals, especially upon the rate of metabolism and the reproduc- 
tive cycle, and (2) indirectly through its influence on other environmental 
factors such as gases in solution, viscosity of the water, and density 
distribution with all its important hydrographic implications, discussed 
elsewhere. 

An extensive literature has been built up pertaining to the effect 
of temperature on biological phenomena in the sea. This results first of 
all from the general recognition of the eminent importance of this factor 
and also from the fact that it is the most readily and accurately measured 
of the factors. This combination of circumstances may tend to give 
undue weight to the significance of temperature in relation to factors 
such as season, exchange or movement of water, and so forth, of which the 
temperature is only an index, and to factors such as density or viscosity 
which are functions of temperature (pp. 56 and 69). Nevertheless the 
abundant proof of its effects on life in the sea either directly or indirectly 
warrants a rather extensive review. 

The range of temperature in the sea varies from about -3®C to 
42®C, depending qn season and locality, but in the open ocean the maxi- 
mum temperature does not exceed 30*C. This rangse is small when 
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contrasted with conditions in the lur, where temperatures from — 66”C 
to 66*C may be found. 

It should be remembered, however, that in the cold-blooded or 
pdkilothermic animals living in an aquatic environment all changes of 
temperature of the external medium are accompanied (because of the 
high conductivity of water) by an immediate change in the internal 
temperature of the body. The regulatory mechanisms developed in 
many terrestrial forms are wanting and vital processes must consequently 
be affected accordingly. It is therefore not surprising that within the 
narrow temperature range found in the sea there are temperature barriers 
segregating faunas into rather weU-defincd 'geographical regions of sub- 
marine climatic conditions that are controlled not only by latitude but 
also by depth of water and general circulation. 

Animals are commonly divided into two large groups with reference 
to their tolerance to temperature range, namely stenothermic and eury- 
ihermic animals. But, as with other classifications, there are many 
intergradations between the typically stenothermic and the typically 
euiythermic forms and the degree of tolerance may also vary with the 
stage in the life histoiy' of the individual. Nevertheless, the classification 
is sufficiently distinctive to characterize vast numbers of species and 
therefore faunas in general. 

Within the temperature limits tolerated by an animal these are three 
fundamental temperatures. These are the optimum, the maximum, 
and the minimum. The optimum temperature for any given species is 
not readily defined, since it is evidently not the same for all stages and 
functions of life, as is indictfied in reproductive cycles associated with 
season. The maximum and minimum refer to the upper and lower limits 
of thermal tolerance. They also vary with the stage of the life cycle 
and the past thermal history of the individual. It is generally thought 
that the optimum temperature lies nearer the maximum than the mini- 
mum, but recent studies on fishes indicate that this is not always so 
(Doudoroff, 1942). 

In areas with severe winters the intertidal animals are likely to he 
relatively few in number, owing to winter destruction by freezing or to 
abrasion of beaches by ice. Wholesale destruction sometimes occurs in 
milder regions during unusually cold winter periods. In a special inves- 
tigation on the mortality among intertidal animals of Danish waters 
during an unusually severe and protracted winter period in which ice 
formed on the beach and sand froze to a depth of 15 cm, Blegvad (1929) 
found a very marked destruction of animals. The percentage of animals 
killed in the area studied is as follows: MytUrts edtUis, 100 per cent; 
LiUmina litorea, 100 per cent; Cardiwn eduU, 80 per cent; Nareia dwerav- 
color, 70 per cent; Arenicola marina, 96 per cent; Mya arenaria, 80 per 
cent; Macorna baltiea, 33 per emit. 
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The optimum may be at the same or at a very different temperature 
for different epeciee. Hence there are both cold-limited (phychrophile) 
and warmth-limited (thermophile) stenothermic forme, and as a result 
we find animals that are strictly endemic to cold- or warm-water areas 
of the ocean, as the case may be. 

GsooRArHic Distribution. It has been pointed out (Ekman, 1935) 
that early soogeographers drew putative boundaries for littoral faunas 
based on climatic and hydrographic conditions. Rather little was known 
about the actual distribution limits Of large numbers of species and 
faunal groups, but climatic boundaries had been discovered and the 
faunal areas were arranged according to these without their natural 
boundaries having been determined by empiricid study. Zoogeographic 
boundaries must be determined in the final analysis by the actual dis- 
tribution of the animals, hut the marked importance of climate is shown 
by the fact that the early boundaries, drawn in the main speculatively, 
have been proved empirically to be well founded; which is to say that 
temperature is one of the most significant factors in the development 
of marine faunas. 

Where temperature gradients are not well defined, the faunal zones 
do not have sharp boundaries either but merge one into the other with 
wide transition zones. The conditions in the Northeast Atlantic and the 
Northeast Pacific are considered especially illustrative of this. Along 
the east Atlantic coast, faunal boundaries are difficult to establish and a 
study of the isotherms cd the North Atlantic reveals that the lines divert 
toward the east and converge toward the west (charts II and III). For 
example, 36 per cent of the species of fishes found north of the Arctic 
Circle off Norway are found also in the Mediterranean. In the Northeast 
Pacific similar conditions are encountered, which are related to the 
divergence of isotherms on approaching the American continent. Here, 
however, the seasonal range in temperature is relatively small and 
upwelling along the coasts of North and South America keeps the coastal 
water cool to imusually low latitudes. The fauna of north temperate 
character has an extensive spread from the Bering Sea to Lower Califomia, 
its closest afiSnities being with the Arctic rather than with the Tropical 
fauna. Among the arctic-temperate animals may be mentioned the 
genera Panddus, Oregonia, Henricia. It must be noted also that in the 
east Atlantic boreal region the seasonal variations in water temperature 
ate large in the coastal zone, havii^ a range of 10” to 12”C off tiie coast 
of Norway and 10” to 15”C in the North Sea. These conditions tend 
to obliterate faunal boundaries for reasons discussed below. 

Txiipsratukk and Rsproduction. We have learned that there are 
many animelw which mre eurythermic while others ate stenothermic, and 
that the stenothermic forms may be either warm stenothermic or cold 
stenothermic; that is, their optimum condition is at high or at low tern- 
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peratures, respectively. This classification has been used inainly in 
r^erence to the adult anixnals, but a study of life cycles reveals tl^t a 
doser aaalyds is necessary; for althou^ some animals are either eury- 
tbomic or stenotheimic throufdiout life, many others are eurythermic 
with respect to one phase of the life cycle and stenothermic at another 
phase. It is necessary therefore to distinguish between reproductive 
eurythermy or etenoihermy during the spawning periods or during the egg 
or larval developmmital stages, and the vegetative eurytherrny or etena- 
thermy during all other periods of life. It is well known that each species 
of animal usually has a more or less well'df^ed spawning season, espe- 
cially in localities with marked seasoiral''''Changes. This periodicity 
appears to be correlated largely with temperature and the response may 
be to a change which results in a rising or falling temperature. In 
general, it may be smd that the temperature limits are much more ruurrow 
for reproductive processes and for survival of eggs and young than for 
the older stages, wherefore the synchronizing of the spawning period with 
the proper season is essential. A vegetative eurythermic animal with 
reproductive stenothermy will usually be limited in its distribution to 
areas climatically suited to its propagative period and to its stenothermic 
young. This is not so restrictive as it at first appears, but it does involve 
a seasonal adjustment of spawning time to smt the requirements. Thus, 
if spawning and the resultant young require warmth, the sum^aer season 
becomes the reproductive season, and winter-spawning animals of lower 
latitudes can live in boreal waters only by adjusting their spawning 
to the summer months in the north. Conversely, northern forms with 
stenothermic young may spaiHm in the north during summer and in the 
south during winter. 

The very mixed fauna of the European boreal region is believed to be 
accounted for partly by these adjristments to suitable spawning season, 
for in these waters the seasonal range of temperature is sufficient to allow 
for northern and southern vegetative eurythermic forms to find periods 
suitable for stenothermic reproduction in the same area. 

Results of examination of different species of oysters illustrate the 
variations in the critical spawning temperatures of marine animals. For 
both economic and scientific reasons, these animals have been studied in 
great detail by Trevor Kincmd, W. R. Coe, and others mentioned below, 
and the following minimum spawning temperatures have been established 
with considerable certainty (review by Hopkins, 1937) : 

Oetrea virginica 20**C (exceptionally at tem- 
peratures as low as 17"C or slightly less; 

Loosanoff, 1939) 

0. gigae 22-25^0 (Galtsoff, 1930; Elsey, 1934) 

0. edidia 16-16*C (Orton, 1920) 

0. lurida 14-16^C (Hopkins, 1937) 
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Although the above temperatures may be considered threshold tem- 
peratures, they can operate as dete rmining factors only when other 
external and internal conditions are also within the favorable range. 
For example, the gonads must have reached the proper degree of develop- 
ment, which is itself a function of temperature and nourishment ; the pH 
must be favorable, about 8.2 for Ostrea virginica (Prytherch, 1929); the 
presence of spermatozoa in the water may be necessary; and other 
uncertain factors also are involved fGaltsoff, 1930, 1938). The tempera- 
tures given above represent findings relative to the initiation of female 
spawning. Once begun it may continue at lower temperatures. 

A good deal of evidence, both obKervational and experimental, shows 
that the distribution of many marine animals is dependent upon the 
above type of adjustments of critical reproductive periods within rather 
narrow temperature ranges. Orton (1920) concluded that: 

A review of all the information collected tearing on the influence of 
temperature change^ on breeding leads one to the conclusion that a tempera- 
ture stimulus of some kind is the normal impulse for inducing sexual activity 
in marine animals assuming normal biological conditions. In marine 
invertebrates, at least, the impression is gathered that normal salinity varia- 
tions within the habitat of the species have little effect on breeding. Since 
temperature is known to be of paramount importance in controlling dis- 
tribution, it would seem that its influence on breeding is one of the ways 
in which the controlling effect is exerted. 

Figure 234 and table 98, from an investigation by Runnstrom (1927), 
will serve to illustrate the relation between temperature and reproduction 
and larval survival of littoral marine fauna, of Arctic-boreal, boreal, and 
Mediterranean-boreal types of animals in boreal waters. 

Vegetative distribution, especially of pelagic forms, may extend to 
areas beyond the limits set by the reproductive stenothermy; but such 
areas must be restocked regularly by adults or juveniles drifting in from 
favorable outside areas This extended distribution is known as sterile 
distribution, and though the failure t j reproduce in these extended areas 
may result from external environmental factors other than temperature, 
temperature seems nevertheless to be the major cause. It has been 
found, for instance, in the Bay of Fundy, that some species of fishes witli 
floating eggs and such forms as the medusa Aglantha, the amphipod 
Parathemisto, the arrow worm Sagitta elegans, and still other forms either 
fail to reproduce at all or have very restricted success in reproduction 
although spawnings may occur (Huntsman and Reid, 1921, Fish and 
Johnson, 1937). The bulk of these animals must therefore be recruited 
seasonally by means of waters flowing in from the Gulf of Maine. 

In the Gulf of Maine, Bigelow (1926) found that fiagitta serratodentata 
is a common cemstituent of the plankton. It thrives in these waters in 
the juvenile and adult stages, growing to a size greater than in its normal 
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Fig. 234. Temperature and reproduction. Lines above temperature series 
indicate the temperature range within which normal development tajj^es place for 
each of the three faunal groups included. The lines below the temperature series 
give the temperature range for the regions indicated. 


Table 98 

SPAWNING PERIODS OF SOME ARCTIC-BOREAL, BOREAL, AND 
MEDITERRANEAN-BOREAL ANIMALS AT BERGEN, NORWAY, 

LAT. 60‘’25'N 
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breeding habitat, but it is unable to breed in the Gulf because of the 0 (dd 
water. In the uiner parts of the Gulf it succumbs during the winter and 
must be replenished each year by a new supply coming in with mixed 
water from the neighboring Gulf Stream. Its normal distribution is in 
waters above about 

The tropical and subtropical copepod Evcalanua dongatua is carried 
far north with the Gulf Stream, but only adult or submature specimens 
appear to survive in the gradually cooling waters approaching the higher 
latitudes (Farran, 1911, With, 1915). 

One of the most striking instances of the effectiveness of temperature 
differences as a barrier to distribution of benthic animala in the open deep 
sea is shown by a study of the fauna on the two sides of the Wyville 
Thomson Bidge (Murray and Hjort, 1912). Over this ridge, covered 
by water to a depth of about 500 m and connecting the Shetland and 
Faeroe Islands, the Gulf Stream water flows into the cold Norwegian 
Sea (p. 652). At the top of the ridge temperatures on both sides are 
only moderately different, but bottom temperatures of 4‘’C are found at a 
depth of 15(X) m on the south or Atlantic slope while on the northern 
slope in the Norwegian Sea the temperature is 4^0 at about 600 m, O^C 
at 850 m, and — 0.41°C in the bottom waters. An analysis of the fauna 
of each side showed that only 48 species and varieties, or about 11 per 
cent of a total of 433 enumerated by Murray, are common to both sides. 

Bipolarity. It has long been known that the faunas of the cold 
waters of the north and south latitudes contain many elements in com- 
mon. The animals or ammal groups that form these elements may be 
wanting in the intervening tropical region. A break in the continuity of 
distribution of a species or higher division is called dtsconltnuom dta- 
inbutton; when it occurs m a meridional direction so that the animals 
involved are absent from the tropical belt, the phenomenon is known as 
bipolar dtstnbutton or bipolanty. According to the older concept, only 
the arctic and antarctic regions ar«. involved, but more recent usage 
includes the temperate zones also, and bipolar animals need not neces- 
sarily be polar. This is bipolarity of rdaiionahip and may be defined as 
a bipolar distribution in which animals of higher latitudes are more 
closely related taxonomically to each other than to those of lower lati- 
tudes. There is also bipoUinty of phenomena such as are associated with 
mass vernal production of diatoms, for example, or with production of 
great numbers of individuals but of relatively few species. 

Associated with bipolarity of relationship is the phenomenon of 
tropical submergence. Stenothermic animals that require cold water can 
of course find this by seeking greater depths; if they are sufficiently 
euryhaline and eurybathic, northern littoral or surface pelagic a nim s h 
may form a continuous distribution from high northern to high southern 
latitudes by living in deep water in that part of their meridional range 
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crossing tiie equatorial re^on. This tropical submergence has explained 
many instances of what was formerly believed to be bipolar distribution 
until the animals were discovered inhabiting also the cold deep waters of 
the intervening tropics. Great caution must accordingly be exercised 
when trying to establish groups of bipolar animals. Recently the term 
bipolar-epij^nktonie has been proposed (Russell, 1935b) to describe the 
distribution of related high northern and high southern planktonic 
animals connected through equatorial submergence, being mesoplanktonic 
in the warm latitudes. Six copepod species and other holoplanktonic 
animals make a total of 17 species from se^ral groups that are included 
under this classification. 

Examples of bipolarity are found in the gephyrean Priapvlua catulatua 
of the Northern Hemisphere and a subspecies in the Southern Hemisphere. 
The pteropods lAmacina kelicina and Clione limacina of the north have 
related forms in the Southern Hemisphere. Other examples are the 
ascidian Didemnum albidum, and the shark Lamna comvbica. Bipolarity 
is not confined to species; the counterparts may be genera or families, 
in which cases bipolarity seems to be of older standing. 

Since we are interested here mainly in showing the influence of temper- 
ature on distribution as illustrated by bipolarity, it is not proposed to 
discuss fully the means by which bipolarity was established. Two chief 
h 3 rpotheses have been advanced, the first holding that bipolar «nimals are 
relics of a previously cosmopolitan fauna, the tropical portion of which 
is now extinct; the second hypothesis holds that animals have migrated 
through cold deep water. A third hypothesis involves parallel develop- 
ment of the bipolar forms. K has been pointed out that the first two 
hypotheses do not conflict but are only different interpretations of the 
same idea, which we must accept under any circumstances if we consider 
the subject from the viewpoint of the history of development, to wit, 
that today’s discontinuity emerged from yesterday’s continuity. For one 
species the discontinuous distribution may have developed according to 
one hypothesis and for another species according to another; therefore 
each case must be studied independently. 

Recently, througlt the purposeful efforts of man, a bipolarity has 
apparently been established in the Pacific salmon Oncorhynchtu. The 
native distribution of this fish is confined mainly to the temperate waters 
of the North Pacific, but extends also into colder waters of the adjacent 
northern seas. Foreign transplantation of species of this genus has been 
successful in South Island, New Zealand, and at the southern tip of Chile. 
Many attempts to establish these migratory fish in the intervening areas 
of the tropical region between the native range and the new locations 
have met with failure. A study of the limiting environmental factors 
(Davidson and Hutchinson, 1938) shows that the temperature conditions 
at the newly established localities are comparable to those at tiie southern 
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range of distribution of the species in the native North Pacific habitat. 
Since these fish are anadromous^ both the marine and stream conditions 
must be suitable to complete all phases of the life cycle, 

The effect of temperature differences on animals influences the vertical 
as well as the horisontal distribution. This was illustrated by the tropical 
submergence of forms which, showing a continuous meridional distribu- 
tion, inhabit both high southern and high northern latitudes. 

In arctic waters, where the range of temperature between deep wd 
shallow water is small compared with differences between shallow and 
deep water of lower latitudes, the demarcations between littoral and 
deep-water fauna are less clearly defined. Examples of this are the sea 
star Hymenaster pellucidus and the pycnogonid Boreonymphon robustuniy 
each of which occurs in the Norwegian Sea at depths of 2000 m, while near 
Spitsbergen the former occurs at 27 m and the latter thrives at 6 m. It 
appears from these and many other instances that temperature and not 
depth is the controlling factor. In a study of recent foraminifera in ocean 
sediments extending from lagoonal conditions to a depth of 2540 m, 
Natland (1933) found that the vertical distribution of the animals was 
arranged in five zones, each with certain key species correlated with 
submarine temperatures. A complementary study showed the same 
type of zonation of the same species in fossil-bearing geological strata of 
outcrops and oil-well borings in the same general region, thus providing a 
means of arriving at the probable temperature and perhaps, therefore, 
also the depth of water and other conditions that prevailed when these 
strata were formed as sediments on the bottom of the sea. In other 
words, this zonation is illustrative of the fact that dissimilar fossil faunas 
may have been contemporaneous but may also have lived under different 
environmental conditions ^vith respect to temperature. 

Pelagic animals also show a degree of bathymetric stratification which 
may be associated with the temperature distribution in the sea. In this 
connection it is difficult, however, to isolate the effect of temperature 
from that of light or to find out whether the temperature exercises a 
direct or an indirect influence. Indirectly it may act through its influence 
on viscosity, or it may change the reactions of the animals to gravity or 
to light, that is, change the sign of tropism with respect to these factors. 
Even in the phenomenon of tropical submergence we must not fail to 
be aware of the fact that light, owing to the great intensity of the tropical 
sun, may possibly force some animals, especially pelagic animals, to seek 
greater depths. 

In the discussion of diurnal migrations we noted that the sharp 
temperature gradient frequently encountered at the thermocline deters 
some of the deeper migrants from coming to the surface or some of those 
living normally near the surface from venturing below into markedly 
colder water (p. 838) . Bigelow and Sears (1939) indicate that, aside from 
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diutnal migratioiui, the vertical distribution oi boreid plankton ci the 
continaital sheU smith of Cape Cod is mibject to thermal cobtrol when 
summcNT surface temperatures rise above 14‘*C. The population, when 
conristing Imrgely of Colanus fiTimarehictu, had its greatest density in 
water of 6* to 10“C. 

Species of the firii genus Cydothone descend to greater depths in 
southern than in northern waters. Among crustaceans the larger 
individuals of the pelagic prawn AcarUhephyra purpurea occur at a depth 
of 600 to 750 m in the northern section traversed by the Michad Sara. 
In the lower latitudes these were found moi^ abundant at 1000 m. 

Mbtabolxsm. The optimum temperature for life activity is con- 
sidered to be nearer the maximum than the minimum limit, for which 
reason a smidl rise in temperature from the optimum is more likely to be 
disastrous to cold-blooded animals than is a greater lowering (see p. 844). 
The latter will result in a marked slowing up of vital processes, but if not 
extreme may actually lead to an extension of the individual’s life by 
inducing a period of quiescence when other factors, especially food supply, 
are at a minimum. This life extension may be illustrated by such forms 
as Calanua finmarchicua and C. hyperboreua, which during the winter 
months sink to, or seek, deeper water (200 to 300 m in some areas) and 
reduce their migratory activities (Gran, 1902, Somme, 1934). Experi- 
mental tests have also indicated that Calanua grows and pioults into 
successively older stages less rapidly at a temperature of 3°C than at 
temperatiues of and 9°C, but survival is definitely better at the 
lowest temperature (Clarke an.d Bonnet, 1939). 

The rate of metabolism (measured by oxygen consumption and produc- 
tion of carbon dioxide) of all poikilothermic organisms is very much 
increased with rise of temperature. According to van’t Hoff’s rule the 
increase is two to three times for each 10°C rise in temperature within 
favorable limits. Hence, it serves as one of the factors in the rapid and 
abundant spring production in boreal regions. During the winter when 
food supply is at a minimum in boreal waters, Calanua finmarchicua, for 
example, in copepodid stage Y is found to sink to deep water, as already 
mentioned, where Ihe temperatures are uniformly low and metabolism 
is accordingly slowed up. Here the animals may remain more or less 
quiescent until the return of spring, when they approach the surface, 
assume the adult state, and spawn in tiie upper water layers at a time 
when food has again become abundant. Among the coastal forms, the 
daphnids Podon and Evadne survive the low winter temperatures as 
resistant resting eggs. Rotifers and perhaps other coastal animals may 
do likewise, and are ther^ore able to appear suddenly in abundance in 
the spring plankton when vernal warming has taken place. 

Numerous experiments have shown that oxygen consumption increases 
directly with rise in temp^ature. For a typical planktonic animal, 
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Cdantu fimmrckicut, Marshal], NichoUs, and Orr (1935) found that 
oxygen consumption is about one half greater at lO'C than at 0®C, but 
at 20®C it is more than tirice that at 10®C. Thus the effect of tempera- 
ture morease on rate of metabolism is not the same throu|^out the range 
although the trend is always upward within tolerable limits. For 
females of adult Stage VI the oxygen consumed per hour by 1000 indi- 
viduals varied with the temperature as follows: 0“C, 0.28 ml/hr; 5®C, 
0.31 mlAr; 10“C, 0.40 ml/hr; 15"C, 0.57 ml/hr; 20“C, 0.83 ml/hr. Stage 
V specimens showed less consumption throu^out the range (the lowest 
corresponding value being 0.13 ml/hr and the highest 0.61 ml/hr) and 
it is of interest to note that the species spend the winter mainly in Stage 
V. The lower rate of metabolism of this stage should enable the animals 
better to survive the winter period when plankton food is scarce. 

Calcium Precipitation. Temperature influences to a marked degree 
the rate at which calcium carbonate can be precipitated by animals in 
the formation of skeletal parts, shells, and spicules. The chemical reac- 
tions involved are not clearly understood, but they proceed more rapidly 
at high than at low temperatures; hence organisms that utilise calcium 
compounds in their supporting or protective skeletal structures are 
notably abundant in warm tropical waters, for in this environment shells 
can be grown faster and heavier than in the cold waters of higher latitudes 
or the deeper water layers where calcium precipitatiem is accomplished 
under great difficulty (Murray, 1895). Among the littoral life we need 
mention only (1) the marvelous coral faunas which have developed 
extensive reefs of great geologic importance and which have a wide 
north-south range in the western sections of the oceans but a narrower 
range in the eastern sections where the range of warm water is also 
narrowed, and (2) the beautiful and varied molluscan shells, including 
the giant clam Tndacna ffigas, which may grow to a length of 1.5 m and a 
weight of 250 kg (551 lb). Conspicuous among the warm-water pelagic 
animals are the shelled foraminifera and pteropods. 

Calcium-precipitating organisms are present in all seas, but their 
numbers are much reduced in the fauna of the cold polar seas and the 
shells of those present are relatively more weakly constructed. Some 
cold-water pteropods construct no shell, living naked, as some species of 
the beautiful and large Cltone. Limacina helictna of Arctic waters does 
possess a shell but the animal is reduced in sise and its shell is very thin. 
Among the foraminifera, a group apparently very sensitive to temperar 
ture conditions, the calcareous-shelled species are replaced in cold north- 
ern waters by the arenaceous types, which buUd shells of sand, fragments 
of shells, spicules, and so forth, cemented together with noncalcareous 
cement. Arenaceous types are also characteristic of deep-water fora- 
minifera. In very deep water, therefore water of low temperatures, the 
skeletons of benthic animals are notably thin and fragile, as exemplifled 
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by the d^icately*dlieUed Schinoidea of deep voter in oontnust with their 
strong-di^ed littonU rdativee. Deep-water holotiiumdeoae have itm 
or no eakareous plates imbedded in thdr skin. The earapaoes of 
orustooeans also have littie lime. The external skeleton of ^ giant 
deep-sea crab Caetnpfferia caempfferia, for instance, is so weak that the 
anii^ would collapse under impact of waves or without the supped of 
water. Barnacles {ScplpeUum) of deep water have but incompletdy 
calcified shells. Evoi internal structures such as the bones of deer' sea 
fishes are especially fragile and poorly etdeified. Calcareous sponges are 
found from shore to depths of only about .300 to 400 m, and at greater 
depths are replaced by the sUiceous sponges, for example the Venus’ 
flowerbasket EupkeUUa and the glass rope sponge Hyalonema. 

This restricted production of calcareous structures in deep-sea animals 
can hardly result from a lack of lime for many poorly calcified forms are 
found where the bottom deposits consist of globigerina ooze which has 
resulted from precipitation of pelagic foraminifera living in the upper 
laym. Low temperature is apparently a major cause of the limited 
production of calcareous structures although the great hydrostatic pres- 
sure in deep water may be of importance because it is believed to increase 
the solubility of calcium carbonate (Buch and Gripenberg, 1832). The 
absence of violent water movement or even moderately fast flow in the 
deep sea may also be responsible for the small deposition of ^alcium by 
sessile oi^ianisms, and the absence of strong motion makes it possible, 
on the other hand, for many of the fragile-shelled and weak organisms to 
survive where otherwise they could not exist. 

The effect of temperature ‘,on biological deposition of calcium car- 
bonate provides a key to the interpretation of temperature conditions 
and water depths that must have prevailed at periods when certain 
geolo(pcal strata of marine origin were laid down in the distant past. 
The present slight depomtion of lime in cold polar regions, as contrasted 
with what must have occurred when ancient coral reefs were constructed 
there in Paleozoic times, leads to the theory that these anrient seas must 
have had a temperature of about 16° to 18°C (Murray, 1805). 

Coral-reef formation is a most striking example of marine biolopcal 
activity, which has attracted wide attention of both laymen and scien- 
tists. The coral reefs do not result from spectacular outburats of activity 
such as occur among pelagic forms, but rather from the perristent 
accumulation of calcareous dqxwitB wUch remain long after the cessatUm 
of the biolofdcal activity which produced them. 

These great structures are outstanding features of the tropical seas. 
However, since the process of reef formation is a result of biological 
precipitation of calcium from sea water by corals, the rate of deposition 
is thermally controlled, as with other organisms. The inequalities of 
temperature distributiim along the continmital marges of the tropical 
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belt lead to greater reef production in the western portion d the tropical 
oceans, where the wsum^ waters aoederate activities oi tiie wganisins 
and ther^ore favor massive reef formation. In, tiie eastern p<»rti<m of 
the ocean, along tiie west coasts of Central and South and 

the African west coast where cold water upwells, we find that the extent 
of reef formation is accordingly diminished. 

The organ i s m s entering into reef formation are of several types, 
including chiefly the stony or madreporarian corals, but associated with 
these are also a number of other calcium-depositing coelenterates such as 
the MiUepora. Very important are the foraminifera and a number ot 
calcareous coralline algae known as the nullipores, of which the red 
LUhoOummon and the green alga Holfmedd are examples. The nullipores 
in particular contribute vastly to reef formation. In some reefs corals 
play only a subordinate role. 

The reef-producing corals can flourish only in water above about 
20**C and are therefore confined to the shallow water of tropical seas. 
Althou^ conditions are unfavorable for growth below a depth of 60 
to 60 m, the slopes of reefs are known to extend to great depths. Also, 
through examination of material brought up from deep borings (340 m, 
1114 ft) within the reefs it is shown that the structure of coral reefs 
extends to depths far greater than are tolerated by the living animals or 
plants that enter into the formation of the reefs. Obviously, if the coral 
fragments occurring at the base of the reefs were laid down in tiiu, the 
water level must have been at one time near the level of tite base. This 
implies that the sea bottom <hi which the reef rests was once at a higher 
level, or that the sea surface was lower than we now know it. 

The subject of reef formation from geological and biological viewpoints 
has been dealt with in an extensive literature to which the interested 
reader is referred (see especially Davis, 1928, and Gardiner, 1931). For 
our purpose it will suffice to state here that the theories which have been 
advanced largely involve changes in st'a level with respect to the sub- 
stratum on which the coral-building organisms initiated their growth. 
Some theories assume a sinking of the earth’s crust, others a rise in sea 
level, or a combination of both. Without entering into details on these 
theories, we shall point out that here is illustrated a problem of the sea 
the interpretation of which is directly dependent upon an understa n d in g 
of the organisms involved, for any theory advanced must take into 
account the biological requirements of the reef-building organisms, which 
comprise warm, relatively shallow, clear, saline water. 

TBMraBATUBB AND SizB. There is much evidence, from direct 
observation of populations obtained from various waters, to indicate tiiat 
frequently cold-water animals grow to a larger siae than do simil a r 
uumals in warm water. A few examples will suffice to illustrate tins 
point. 
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'nte mnxt'iniiwr ei»idaaktoa pbpidations of eopepodb, the most 
cheracteristk of plibktoa animals, stand in striking oontoast to the cold- 
water poimlstions because of the apparently greater success of the larger 
species in the cold wat^. A fidr number of small species of such genera 
as Oithona, Oneea, Pseudocalanus, and others, of sise ranging from about 
0.5 to 1.5 mm, do live in cold northern waters and, conversdy, a number 
of large forms, for instance, Evealantts elongalua (8.0 mm) and Rhincalanus 
comutw (3.4 mm) are found in warm waters; however, the warm-water 
populati<ms are especially characterized by a large number of small 
q)ecie8 whereas the populations of arctitf^and boreal waters are mainly 
composed of great numbers of indinduals'^of a few species, for example, 
Ccianu* hyperhoreua (10 mm), C. finmarchieus (5.4 mm), C. eristatua 
(9.3 mm), Euedlanua bungii (8.0 mm). The deep cold waters of lower 
latitudes are also populated by large forms comparable in size to northern 
species. The numbers of individuals are, however, relatively fewer. 

This tendency to larger size in colder waters is noticeable in related 
species and even in individuals of the same species. Jespersen (1939) 
reports that Calanua finmarektcits in Greenland waters forms two size 
groups, the larger being found particularly in waters of low temperature 
and the smaller-sized population in warmer surface layers of pronouncedly 
Atlantic waters. Steuer (1933) foimd a three-modal curve for body 
size of three varieties of Pleuromamma taken in the Benguela stream. 
A dwarf variety (JP. minima) occurred in the uppermost, warmest water, a 
medium-sized race (P. piaekt) in the middle layer, and a giant race 
(P. maxima) in the lower apd coldest layer at about 600 m. Steuer 
has shown also that individnals of the copepode Acartia negligena and 
A. danae become smaller in transition from the Canary Current to the 
warm Guinea Stream. Similarly A. danae is larger in the South Equa- 
torial Current, which is mixed with cold water of the Benguela Current. 

Some radiolaria, especially the Challengeridae, have been shown to 
increase in size progressively with depth. In the genus Challengeria 
eight species can be grouped into three size categories: 0.11 to 0.16 mm, 
three species; 0.215 to 0.^ mm, three species; and 0.35 to 0.58 mm, two 
species. These categories correspond to depths of 50 to 400 m, 400 to 
1500 m, and 1500 to 5000 m, respectively. Thermal influence on the 
size of pelagic protozoans is well illustrated also by the ciliates Tin- 
tinnoinea collected by the Agassiz Expedition. An analysis of the dimen- 
sions of loricae of 1000 individuals of a ringle species (Tintinmu tenw) 
of these animals showed that those taken in the Peruvian Current stations 
with surface temperatures of 19° to 23°C, were predominantly largm* than 
those taken elsewhere at stations with temperatures of 24° to 28°C 
(Kofoid, 1930). 

The effect of this factor on rise is indicated also in the plankton fishes. 
Investigations of the Michael Sara showed that the small deep-sea fishes 
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CytioOwne mierodon and C. signala increase in sue with dqtth, the femMor 
averaging 30 mm at 500 m and 60 mm at 1500 m. The larger eiie ie in 
part doubtless associated with age, but it is also in keeping with tempera* 
ture distribution. 

Two explanations have been given to account for the increased ase of 
cold-water planktonic forms. 

(1) The increased density and viscosity of cold waters enables large 
forms to keep afloat more successfully in cold than in warm water (p. 822). 
The matter of pvercoming the constant action of gravity is of paramount 
importance to weakly swimming animals like the smaller crustaceaiis, 
as well as to the passively floating radiolaria and many other forms. A 
sise commensurate with viscosity and swimming power is one of the 
means of overcoming this ever-present tendency to sink. Just how 
important viscosity may be for delicately adjusted forms is suggested 
by the fact that the value of the viscosity at 50 m in the Norwegian Sea 
corresponds to that at 800 m farther south in the Atlantic (Munray and 
Hjort, 1912). 

(2) Lowered temperatures lengthen che time required for poikilo- 
thermie animals to reach sexual maturity. Hence, in cold-water forms 
the delay permits a longer growing period with resultant larger sise at 
maturity. It has been shown that the oxygen consumption of certain 
nonlocomotory warm-water benthic species is higher than that of related 
cold-water species with which they were experimentally compared, and 
this difference in metabolism may have a bearing on the question (Fox, 
1936). 

The more rapid attainment of sexual maturity m wann-water animals 
has certain important implications in that it permits a more rapid suc- 
cession of generations in watera of tropical and subtropical regions. To 
illustrate this we may refer again to the oyster, Os/rco virgtnica. In a 
study of the sexual phases of large numbers of these bivalve molluscs, 
Coe (1938) found that 

From Cape Cod to the Chesapeake Bay, most of the young oysters may 
be expected to spawn at the age of one year. North of Cape Cod the 6rrt 
spawning is stated to occur more often at the end of the second year, as is 
the case with some individuals in certain years south of Cape Cod. On the 
coast of North Carolina and in the Gulf of Meaico, well-nourished indi- 
viduals of the early set spawn toward the end of their Srst summer, when 
only three to four months of age, while ihose of the later set do not become 
mature imtil the following spring. 

An increased rate of reproduction is also common in other a nim al s . ^ 'Hw 
more rapid turnover of generations Mid the more nearly optimum living 
conditions of lower latitudes, with relative absence of drastic seasonal 
changes associated with temperature conditions, appaiwitly lead to 
production of a greater number of species of most animal groups and to 



858 


AMMAIS AND PifrSICAUCaffiMICAL eNVKONMMT 


a greater likd&ood (rf survival these vrhea rmce fonmed than occurs in 
the more rigorous and selective o(mdi^<»B mamfest in the hig^ latitudes. 

Ocean Girrenh 

If tile waters of the oceans were not kept in vigorous drculation by 
the various forces discussed elsewhere, they could support only a small 
fraction of the marine life that actually now exists. First of all, the 
amount of primary food produced by plants would be so curtailed by 
mchaustion of the essmitial nutrients in the euphotic sone that only a few 
animals could find nourishment. The s^ow diffusion of gases and toxic 
wastes timt could take place would set sh^ow vertical limits of distribu- 
tion to all forms ot life except certain anaerobic bacteria. The northern 
and soutiiem boundaries of faunal sones dependent on temperature or 
lig^t would coindde with parallels of latitude. 

But ^ ocean waters are not stagnant. Vertical circulation extending 
to great depths occurs, and greater or smalier masses of water flow con- 
tinuously in S 3 r 8 tems extending in diverse directions over vast areas, 
irrespective of latitude. Far to the north along western continental 
tiunres in the Northern Hemisphere the currents convey heat that has 
bemi stored in the waters during their passage through warm, tropical 
regions. Similarly, along the eastern continental shores cold water 
masses are curied to the south by currents of arctic or subarctic origin, 
causing isotherms to streak obliqudy across the oceans in a general 
northeasterly direction. Systems of rimilar character and magnitude 
exist in the Southern Hemisphere (Charts II and III). 

Water movements proi4de a means of transportation for organisms 
which, when combined with temperature and other factors, may control 
the limits of propagative and sterile distribution of both pelagic and 
benthic life. The character of the fauna and fiora is thus governed by 
the nature of the currents — namely, thdr origin, direction of fiow, magni- 
tude, coldness or warmth, degree of salinity or density, and their character 
as regards other attributes such as relative richness in nutrients. 

We have just reviewed some of the influences of temperature on 
animal life. Some of these influences are inseparable from ocean currents, 
for temperature is usually an index of flow. With this in mind, we shall 
now endeavor to examine more closely s<nne features wherein water 
movemoits are of far-reaching biolopcal significance. 

SlONIFICANCS OF CumitSNTS IN DiBPSBSAL AND MaINTBNANCS OF 

Populations. Perhaps the most obvious importance of currents on 
marine life results from its direct influence on ditpermA. It has already 
been pdnted out (p. 315) that nearly all bmtiuo animals in tiie litti»al 
sone possess free-swimming or floating ^(gs and larvae. The mgnificance 
attached to this type of life history in any gpivmx species must be that 
it provides a means of taking advantage of watm* movements to bring 
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about and inaintaiii as wide distribution as possiblci so that ail environ* 
mental facies favorable to the life requirements of the adult both for 
spawning and vegetative growth can be inhabited. During this dis- 
persali countless thousands of larvae are carried into areas where they are 
unable to live or where at desertion of the pelagic life the sessile stages 
find conditions unsuitable with respect to depth of water, substratum, 
chemical*physical character of the water, or such other factors as food 
and enemies. This, however, is the price paid for the widest possible 
distribution. 

Vast numbers of young are accordingly produced by each individual 
in order to overcome the hazards of the temporary pelagic eTcistence 
(see p. 316). By far the largest number of larvae of benthic forms are 
eaten by predacious animals or succumb as a result of settling in inimical 
environments at the time of metamorphosis and desertion of the pelagic 
habit. That great numbers, however, do find favorable settlement is 
witnessed by extensive populations of benthic animals. Certain areas 
may be quite suitable to maintain a population but this population may 
be unable to restock to any appreciable extent from its ovm spawning, 
owing to the prevailing currents carrying the eggs and larvae completely 
away from the area and into other situations where settlement may or 
may not occur. These areas cannot be considered as areas of sterile 
distribution for reproduction does take place and larvae can survive, but 
because of circumstances associated with currents the areas must be 
regularly restocked by incoming larvae from elsewhere. Most benthic 
populations, perhaps, experience to some degree such renewal of stock 
by larvae produced elsewhere, and in turn they contribute their own 
larvae to restock other areas. Oscillating currents related to tides 
within a bay or fjord function to reduce loss of larvae and to maintain 
a degree of independence for its population. 

When the larvae of benthic forms have survived to settle in a favor* 
able habitat, the new stage of life is still dependent upon currents to 
mainta in tolerable living conditions with respect to aeration, dispersal 
of toxic wastes, and supply of planktonic food. To coastal animal 
communities where the temporary plankton element is conspicuous, 
coastal circulation resulting from more or less local conditions such as 
tides and vdnds is of especial importance; but we shall see that larger and 
more permanent current systems also affect the lives of members of the 
temporary plankton and their adult stages. 

As illustrative of the role of currents in the life of coastal benthic 
ai!timfi.li 8 y ^0 refer to the study of EyncriUi QfMlogu (Johnson, 1939b) , the 
sand crab which in the benthic state inhabits sandy beaches in the inter- 
tidal sone. The female incubates the eggSi which remain attached to 
body appendages until the first zoeal larval stage. Then the larvae are 
freed to seek food and to face the regular hazards of enemies and possibly 



860 


AUMMS M PHYStCAL-CHEMICAL ENVIRONME^# 

alvo those of adverse currents which sweep great numbers out to sea, 
where they must succumb unless fortuitously caught in curreuts that 
retiun them to the coast (fig. 235). 

Ihe distance to which these or other temporary larvae can be trans- 
ported depends of course upon the speed of the currents, the adaptability 
of the larvae, and especially upon the normal length of pelagic larv^ 



Fig. 235. The dispersal of larval stages of Emerita analoga and other littoral 
crustacean larvae. Figures within the squares indicate the number and soeal stages 
of Emerita; the symbol + followed by a number indicates the number of unidentified 
crab larvae. The character of the currents is indicated by the lines with arrows. 
(From Johnson.) 

existence. In Emerita the larval stage is of long duration, being a matter 
of about four to five months and resulting in transport seaward at least 
200 miles and doubtless much greater distances in coastwise currents. 
In the oyster the larval stage is shorter, being only about two to four 
weeks, depending upon temperatures. Yet oysters arc known to extend 
their range of distribution at least 30 miles in one season through drift 
of the pelagic larval stage (Elsey and Quayle, 1939). 

The great stretch of op^ water between the west coast of Central 
America and the easternmost Polynesian Islands is considered an effective 





ANIMAiS AND PHYSKAL-CMaMCAl ENVKONMfNT Ml 

barrier a^arating the Tropical Coital Ameriow and the lodo^Weat 
Pac^c fauna^ because the pelagic larval stages of benthic 
are not of sufficiently long duration to permit the larvae to be ffispersed 
over such vast stretches of water. 

The depth at which pasinve eggs of the temporary plankton are carried 
by water currents depends to a great extent on th^ specific gravity in 
relation to that of the waters wherein they were spawned or to wWch 
they may rise (Walford, 1938). It was found (Thompson and Van 
Cleve, 1936) that halibut eggs occur in the denser waters some distance 
offshore at the outer edge of the spawning banks in depths eff 100 to 
200 m, though occasionally at only 40 m and at other times as deep as 
935 m. The eggs were completely absent in shallower net hauls near the 
surface in waters with a low salinity and low specific gravity. From these 
facts it appears that they drift with the slowly moving deep currents. 
The newly hatched halibut larvae are found outside the continental 
shelf and at depths over 200 m. As the larvae develop, however, they 
rise to the upper layers until at the age of three to five months all of them 
are found at depths of 100 m or less. With the rise to the surface they 
are carried by inshore currents into shallow Alaskan ba 3 rs, where they 
are found on the bottom. The cycle requires about six or seven months 
for completion. In the southern range of the northern halibut the powers 
of recuperation of the overfished stock are apparently less than in the 
stock of the Alaskan area, owing to a more unfavorable dispersal of the 
pe ln gin eggs by offshore or southward-moving currents in the southern 
area (Thompson, 1936). 

Perhaps the best known example of transoceanic transportation of 
organisms is found in the investigations of Johannes Schmidt (1926a), 
dealing with the life history of the European eel AnguiUa mdgam. Full- 
grown and submature eels inhabit fresh-water streams and lakes, but 
upon approach of complete sexual maturity in autumn they desert these 
waters and disappear into the sea to spawn. The destination of the eels 
during these spawning journeys was for centuries one of the deepest 
mysteries of the sea. The young, recently metamorphosed eels, known 
as elvers, (about 6 or 7 cm long) have long been known to occur in tiie 
European coastal waters where in spring they enter fresh water in great 
numters, but it was not known where in the sea they had originated. 
Strange theories were advanced; for example, Pliny and Aristotle believed 
they arose from mud of the sea bottom. Only in the last few decades 
have these mysteries been solved. Not until 1896 was it shown (Grassi, 
1896) that a strange ribbonlike littie fish, considered rinoe 18M as a 
separate species called Lej^oeephaltu breBirostria, was in reality an eel 
developmental stage which through metiunorphosis becomes the dver. 

With this information at hand Johannes Schmidt in 1904 began 
investigations which extended over many years, involving exa min a ti on 



M2 AMMAU AND PHYSiCAL-CH6MiCAL ENVIRONMfNr 

ci himdrads ol plaokton ooUectioiis from many looi^ea in tlie Ninth 
Atlantie. Huo^ analyra o( these eatohes he traced the. geographic 
distrilmiion from eart to west of progresnvely diminishing sizes of iiiese 
unmetamorphosed eel larvae, the LeptocepfuUus, until the geographic 
area harboring the smallest sizes was found. This area is located south- 
east of the Bermuda Islands, and is tiie place where the adult eels cim- 
gregate to spawn after a 2000- to 3000-mile journey through monotonous 
stretches of water. It is from here that the newborn eel larvae must 
also take up their long trek to the European streams. The weakly 
swimming larvae are unable to accompli^ this feat wholly on their own 
power. The young larvae rise to the shrface waters where they are 
swept along more or less passively by the currents moving slowly east- 
ward. After three years of this type of migration they reach the Euro- 
pean coast in time to metamorphose to elvers, leave the sea to ascend 
the streams, and live in fresh water five to eight years before they return 
to the sea as adults to soawn. 

The American eel Anguilla rostrala breeds in nearby or adjacent 
waters. Its life history requires only one year of larval life, for although 
many of the larvae migrate for a period in the same current as the Euro- 
pean larvae, upon nearing the NorHi American coast they become segre- 
gated from the European larvae, which are destined to continue slowly 
onward to the east. • 

The animals belonging to the permanent plankton may also be trans- 
ported by currents over great distances, and this is particularly true with 
respect to the main oceanic currents. If the courses be sufSciently long 
or circular, the animals wijl successfully propagate while en route. 
Successful propagation is indicated when all stages of development of a 
ipven species are found in the transporting waters. Usually, however, 
the waters change their character as regards temperature, salinity, and 
so forth, or they may merge with other waters and lose their identity 
entirely or in part. In this case many of the animals that are being 
transported may die. Some of the hardier species frequently survive 
for some time and may even spawn, but the young are unable to withstand 
the environment unnatural to them (see p. 863). In this event the 
plankton catches will show only adult or submature stages, sometimes 
eggs imd a few early stages, but few if any of the intermediate ones. 
Restocking must then take place regularly or periodically in successive 
invasions from the outside. The presence of these exotic animals is 
living evidence of the source of the water, provided the normal habitat 
of the species is known. Gulf Stream species are classical examples of 
planktonic animals that appear as visitors in locfdities where they do not 
normally breed. Illustrative of this are certain salps and the tropical 
oopepod Rhincalanv* natutus occurring off the coast of Norway. Other 
examples are found in the northern penetration of R. nagtOut and also 
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BuodUmM tHongaiut to Mvml stations in Denmark Strait between 
Oreodand and Icdand. A wni^e spedmen of the latter has bem taken 
in deep water even as far norUi as 78*N cm the east Greenland eoast 
(Jwpetaea, 1939). 

On the west Atlantic coast a number of Gulf Stream forms are swept 
by offdioots of the main current into the Gulf of Maine. They may 
survive there for varying periods of time, although the temperature and 
saUnity are much r^uced by mixture with coastal waters. Bigdow 
(1926), by a study of plankton catches, has determined the point d 
mitranoe of these immigrant forms and has traced their course aftm* 
entering the Gulf and mingling with the endemic plankton community. 
They enter the Gulf at three levels and show varying degrees of success 
in establishing themselves, depending upon their species and adaptability. 
It is found, for example, that Sagitta terraiodentaia is a very hardy warm- 
water visitor that survives long enough to complete a good portion of tine 
large counterclockwise gyral within the Gulf, and it may even grow to a 
larger sise than in its native Gulf Stream habitat, although it cannot 
reproduce with sufficient success to establidi itself as endemic. Adults 
may live for a time in waters with temperatures as low even as 3.9”C 
but do not survive the winter in the invaded area. Bedfield and Beale 
(1940) have verified Bigelow’s conclusion (1926) that this species does 
not reproduce in the Gulf of Maine. Because of this sterile distribution 
the animals are known as termnal immigrants. Their periodic occurrence 
depends upon periodic changes in the flow of outside water into the area. 
Sagitta maxima enters the Gulf in the deep layers and becomes dispersed 
in the deeper part where salinity is highest. Rhincaianus comtUw and 
R. nasutiu are also stray tropical and oceanic visitors m the Gulf. 

Arctic forms are also found in the Gulf of M^e, giving evidence of 
the penetration of the southward-flowing cold Nova Scotian water past 
Cape Sable into the Gulf. Among these cold-water strays are included 
Ccianus hyperboreus, the pteropod Limacina hdicina, and the appen- 
dicularian Oikopleura vonAoJfem. 

The pattern of horisontal flow is a determining factor not only in the 
widespread dispersal of exotic plankton elements from their centers of 
production, but also in maintaining an endemic papulation. The effect 
of oscillating tidal currents with a minimum residual flow was mentioned 
above as contributing to the maintmumee of an endemic stock in restricted 
areas. Many partially landlocked bays maintain a characteristic 
population through such action. The semiclosed lochs of the Clyde 
Sea area, for example, have proved favorable reipons for scientific study 
d local population cycles without too great an exchange with biological 
elmnents produced ^where and carried into the lochs (p. 903). But 
certain types of nontidal current systems are also effective in supporting a 
arif-sustaining population of sperific forms. Such are the eddies of 
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gyiatiBg currents, sometimes eircamBcribiag relatively large areas in 
hydrographically closed systems of mote or less permanence. 

Damas (1905) and Sdmme (1934) have discussed the importance of 
such currents in maintaining a breeding stock for pelagic populations in 
the Norwegian Sea. The Gulf of Maine on the American coast offers an 
exc^lent example of the biological effect of this type of circulation. 
Redfield (1941), carrsring forward tiie earlier analyses of Bigelow and 
of Huntsman, concludes that the great cyclonie eddy of the basin of the 
Gulf is a vital factor in maintaining sufficient breeding stock to perpetuate 
an endemic calanoid population {Calmus jinmarckicus and related forms) 
in that area and also to contribute to other neighboring waters. The 



riBST CIRCUIT SECOND CIRCUIT 

Fig 236. The growth of populstioti in a mass of water assumed to move along the 
course indicated in inset. Ordinate: volume of sooplankton in cubic centimetera per square 
meter of sea surface; absrissa, time m months. The blatk bars indicate the volumes 
caught at the selected stations. The position of these statioiis and the month of collertion 
are indicated on the inserted chart. (From Redfidd ) 

regular recurrence of a closed eddy during the summer provides a toler> 
ably uniform environment permitting the endemic species to complete 
their whole life cycle from egg to spawning adult while being swept 
involuntarily along in the moving mass surface water wherein the 
bulk of the {mimals occur. Figure 236, from Bedfield, shows how the 
shift of populati<« center was followed in its drift around the Gulf. 

In diapter IX we leuned that the rate of breeding C. finmarchicut 
permits d two or three generatiims in a year. The rate of flow of water 
wilbin the Gulf is about seven miles per day and requires about three 
pnmths to make the complete dreuit, thus aHowing coaademble time for 
devdopment. In early winter there is an indraft of rdatively barren 
water from the northrast, and also during this rime the centm* of the 
endemic population is being forced gradually to tire southwest, but in 
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tnuunt there has been about a tvo-tiiirds popuktioa de cro ao e over the 
winter, owing to mortality. During the spring and early summer, 
reproduction takes place abundaatiy as the population drifts across the 
western basin towards the east. In late summer some may drift out of 
the Gulf or they may drift northeasterly to begin a second circuit ol the 
areas, as indicated in the figure. 

A cyclic circulation resulting in a flow of water around an island may 
also lead to maintenance of an endemic stock. A good example depicting 
this is the investigation of the drift of eggs and larvae of gadoid fishes 
around Iceland (Schmidt, 1909). Hydrographic investigations show a 
clockwise current which flows around the idand at a speed just sufifieient 
to transport the developing eggs and larvae passively from the spawning 
ground, located on the south and west coasts, to tiie north and east coasts 
where the advanced larvae seek the bottom to continue growing after 
their coastwise journey of several hundred miles in the plankton. The 
motility of the older fish is also a factor in maintaining the local stock, 
but any circuit of this nature must be a particularly significant factor in 
maintaining an endemic population of benthic life and of the genmul 
plankton as well. 

Finally, the biological implications resulting from a difiference in rate 
of flow of surface and subsurfstce water masses in any pven area diould 
be mentioned. Planktonic ammals that inhabit deep water and tiiat 
I)erform no vertical migrations mtist cross into other water masses less 
frequently than those making vertied ditimal migrations. Periodically 
the latter will become segregated* horizontally from the former when 
their journey takes them in^o waters with different rates of flow. Dif- 
ferent stages of development or even the sexes may experience some 
degree of segregation from this cause, dnee it is known that the adults 
and juveniles, as well as the sexes of some species, do not all migrate at 
the same rate (p. 837). Hardy (1935) nas shown how vertical mtgrations 
and the dynamics of distribution may function to segr^cate ph 3 rioplank- 
ton and zooplankton swarms (p. 900). 

Certain areas of slowly moving water at depths of 300 m or more ue 
held responsible for the maintenance of a stationary winter population 
of Calamta finmarchiew in the Norwegian Sea (S5mme, 1934). If tihese 
animals were to wmter in the surface waters instead of descending to 
greater depths, they would become dispersed by the more rapid suifaee 
currents and thus (hlute the breeding stock for spring producti<m. 

Indica'^r Specibb. From what has been said the far-reaefamg 
biol(^cal influences water movements, It becomes obvious that the 
intelligent interpretations in say marine ecological investigation must be 
based iu part on data which provide a rdiaUe piiriure of ocean euiraits 
both loci^ and in general. Deemptums o£ current sysbum sad db- 
oussBons of metiio(b for obaatviag or computing eurreots are i^ven dse- 
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idtero, but ivu must h«« nnphaaise alao the api^ication thet ean be 
made of l»do|peal entities as direet or corroborative data leading to an 
understandix^ of tiie pattom of eurrmit systems and the ori|^ of moving 
water masses. 

We have seen that many animals are carried pasmvely by currents 
into areas other than those in which they normally live and breed. If 
now we consider the problem conversely, these exotic forms whose 
developmental history, habits, and source are ^own become invaluable 
indicators of the source of the currents or water masses in which they are 
found. 

A review of the voluminous literature bearing upon this subject is 
best obtained in recent special publications (Russell 1935s, 1935b, 1939). 
As examples of indicators we need here only refer back to the forms used 
in illustrating the dispersal of animals by currents. It must be bom 
in mind that for most reliable use of indicator species the following pre- 
requirites are necessary: 

(1) Exact identification of the species or varieties of organisms 
involved must be possible. 

(2) Their propagative and sterile distribution must be satisfactorily 

known. • 

(3) The morphological stages of development in the life history must 
be known for the species or must be deducible from what is known of the 
group to which they belong. In this connection the time and depth at 
which spawning occurs and the duration of the various stages are impor- 
tant. Passive eggs and larvae may be adjusted in specific gravity to 
heavy or light water layers and therefore transported mainly in layers of 
corresponding density (p. 861). 

(4) It should be known to what extent ecological adjustment can be 
made by migrations into deeper or shallower water in the extended 
geographical distribution. For example, Calamu hyperboretta and 
Paratimniato cblivia, arctic species, may live in deep cold water in lower 
latitudes and by vertical migration may appear also in surface layers 
(Gran, 1902). 

(5) A clear distinction must be made between animals brought in 
from outside geographical areas and those of biological groups that 
develop locally when conditions simulate those of the outside geographical 
area, especially with respect to temperature (see p. 793). 

(6) Associations of organisms transported from a common center of 
distribution are of more value than occasional strays. Such associations 
may be expected to be found especially among the euryhaline-stenohaline 
neritie forms occurring in offsimre situations, indicating seaward drift 
of coastal waters. Pelagie larvae of intertidal benthic spedee may be 
of special value if tiie duratikm of the various larval stages is sufficiently 
well known to supiriy information not <mly on distance of drift but also 
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on the time involved (fig. 236). TheM liurvee thue serve ae myxiads 
of tiny drift bottles rrittued ai<mg the eoast. 

Sriiciaa Dkvblopmsnt. Indirectly, curmitB must have played an 
important role in the development of species. Through the i^es, the 
currents have peiosted in the dispersal of marine animals and many 
enryhalineand eurythermic species have becomecosmopolitan. However, 
distributional limits are usually much more narrow for most animals 
since the scattering effect of currents must constantly work in oppodlion 
to the limiting effects of other factors and in particular to those of temper- 
ature, salinity, and light. It appears that the persistent pressing by 
currents of both the holo- and meroplanktonic forms into regions deviating 
from the optimal living conditions has had profound effects on the char- 
acter of the fauna established in the more adverse regions. The less 
tolerant species are eliminated and certain genetic strains adapted to the 
more selective conditions are developed. It is generally believed that 
species-producing centers occur in the temperate or warm stable waters 
of the tropical belt. Strongly indicative of this is the correlation between 
temperature and the number of species of Tintinnoinea (Kofoid, 1030). 
Of the 705 known species of the suborder, 8 are restricted to fresh water, 
59 to the Arctic seas, 42 to the Antarctic, and 515 to the warm temperate 
and tropical oceans. Though the polar faunas are not so fully known as 
the tropical, the ratio of cold- to warm-water species appears to be one 
to five. 

Not merely species but many genera and even higher systematic 
groups are confined entirely, or nearly so, to the tropical region (Ekman, 
1935). From these rich centers temperate and cold-water species have 
seemingly evolved through the process of selection at border regions 
where conditions become farther and farther removed from the optimum 
for stenothermic warm-water forms. The more rigorous living conditions 
of bordering areas have allowed only relatively few species to become 
established compared to the abundant fauna of tropical waters. This 
relation is brought out also for certain of the higher pelapc animalB in 
table 99, adapted with modifications from a summary of the betten>known 
holoplanktonic groups which was compiled from various spedalists by 
Russell (1935b). The numbers given are not to be considered final, 
for it is certain that many species have not yet been recorded or are not 
included, but they are sufiSiCiently complete to illustirate tiie preponder- 
ance of species in warm areas and to indicate otiter rriative features to 
whieh reference will be made later. 

The greater number of planktonic species in the antarctic region 
than in the arctic may be associated wi^ the far greater ana of con- 
fluence betwetti the warm and cold waters in the Southern Hemii^hen 
but, in addition, the general oceanic currents the Atlantic s^pear to 
play a part, especially for tire cdd-finter copepods (EusseiU, 1936b). 
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Cold-wAtor spedes evolving outwnrd from warm-wnter surface spedes 
may do so by dispersal dther in a nortberly or soutbedy directioni and 
also by submetgence into the deep cold water of the tropics where deep- 
water graera and species are formed. The deep-water current system 


Tablb 99 

NUMBER OF SPECIES OF HOLOPLANKTONIC ANIMALS 
IN DIFFERENT REGIONS 


Animals 

Arctic 

Arctio-Boreal 
and Boreal 

Antarctic 

Subantarctic 

it 

i-t 

« 

Cosmopolitan 

i 

1 

Deep sea 

1 

COBLENTBBATA 










Tracby- and Narco- 










medusae 

4 

10 

3 1 

6 



90 

21 

134 

Siphonophora; 



i 







Calycophorae 



2 


1 


64 

6 

72 

Physophorae 


1? 

2 




20 

2 

34 

Ctenophora 

1 

2 

2 

1 


2 


3 

807 

Nbicebtea 







_i 

52 

52 

POLYCHABTA 








♦ 


Tomopteridae 


1? 

4 


1 



^H9 

44 

Chaktoqnatha . . 


2 

2 


2 


HI 


30 

Crustacea 







HI 



Cladocera 


1 



(3) 


■9 


7 

Copepoda 

7 

10' 

32 

5 

1(6) 




754 

Amphipoda 






1 




Hyperiidea 

2 


10 



2 

250 

28 

292 

Gammaridea 

7 



i 



20 


44 

Eupbausiacea 


6 

2 

7 

(1) 


46 


85 

Moleusca 






1 




Pteropoda 










Thecosomata 



2 

1 

1(1)7 


44 


51 

G3anno8omata 


i 1 

2 


(1)7 


37 

mm 

41 

Heteropoda 







90 

H 

90 

Tunicata 








■1 


Appendicularia 

2 

1 

6 



; 1 

48 


61 

Tbaliacea 








H 


Doliolidae 



1? 




11 


12 

Salpidae 



1 




24 


25 

PyrofM>midae 







1 8 

Hi 

8 

Total 

W 

35 


w 

~ 7 ~ 



358 

1916 


( ) ■> BipoUr tubAreile and aubantarctio. 


in the Atlantic (p. 747} favors the carrying of these deep-water forms, as 
well as those of the Arctic, toward the antarctic surface region (p. 620). 
That the antarctic and subantarctic copepod population hasacloeerjconnec- 
thm with deep-sea genera is shown by the fact that in die Antarctic and 
Subantarctic 18 ^ledes belong to deep-sea gmera (that is, gmera in which 
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60 per cent or more of tibe species in a genus may be regaided M bdhHii^ 
to the deep sea), as opposed to only 3 species belonging to deep<sea genera 
in the Arctic and in boreal waters. Species that are bipolar-epiplaiik- 
tonic (p. 860) are representatives mainly of surface genera (tl^t is, 
genera in which less tium 60 per cent of the species m a genus can be 
regarded as deep-sea species). Judged by these standards, 6 species of 
bipolar-epiplanktonic copepods are among surface genera and oniy 1 
species from deep-sea genera. The extent to which bipolar-epiplanktimic 
species can develop apparently depends largely on the ability of northern 
cold-water species to withstand tropical submergence. 

The greater number of species in the antarctic region over the arctic 
is also evidenced by littoral benthic life. But here the reason seems to 
be an historic one and not a matter of pelagic larvae or adults being 
transported thence by currents, for the Antarctic Continent is an isolated 
one and an extraordmarily large endemic population exists on its shores. 
Whatever the reason may be, it is of interest to note that, though warm 
or temperate waters appear favorable to species development, yet 
paradoxically the Antarctic possesses a littoral fauna richer in species 
than the Arctic shores of the Northern Hemisphere although the uitaretic 
environment is colder than the arctic. 

Oxygen 

Oxygen is indispensable to the maintenance of the life processes of all 
organisms. It is available for normal metabolic activities of nearly all 
organisms only when it is in solution in a free state. A very few forms, 
notably the anaerobic ba> ^eria, are able to carry on intermolecular 
respiration whereby the oxygen bound in the complex molecule of orgamc 
substance is made available as a source of energy. Therefore, biologically, 
free oxygen is comparable to carbon dioxide in being one of the two most 
important dissolved gases in the sea. 

There are about 200 ml of oxygen in a liter of air as opposed to a 
maximum of about 9 mi in a liter of sea water. This is a great boon to 
air-breathing life, but with this advantage go also some disadvantages 
resulting from the need of maintiuning moist respiratmy surfaces in a 
desiccating environment. Aquatic and atmospheric respiration are 
similar in that the oxygen requires water as a respiratory medium; but 
in the former it should be not^ that the oxygen4sden water is typically 
passed freely over the surface of relatively exposed respiratory organs 
or surfaces. Hence, although the concentration of oxygen readiing the 
respiratory surface is small, there is some compensation in its bring 
rapidly replenished with complete flushing and aeration of the surfaces. 

More oxygen can be dissolved in fresh water than in sea water, whirir 
should be advantageous to fresh-wajor animals; but, on the other hand. 
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req>iration is said to be less difficult m sea water owing to the presMioe 
of oarix>nates that make elimination oi earbon dioxide easier (Pearse, 
1936). 

The rate of metabolism is roughly doubled by a 10” increase in 
temperature. Therefore, during winter or in deep cold water, owing to 
the decreased rate of metabolism, much less food is required for repair 
following this tiowing up of the katabolic processes. This reduced 
requirement must have an important bearini^ on the survival of many 
forms during winter when little food is being produced by the plants. 
The amount of oxygen used is somewhat different for different marine 
animals. 

The order of magnitude of oxygen coirsumption in milliliters per 
gram of wet weight per hour within a temperature range of 17” to 25”C for 
various groups of marine invertebrates is as follows (averages from data 
of Fox, 1936, and compilations of Heilbrunn, 1937): Protozoa (Colptdium) 
2.0; Coelenterates (jellyfish and ctenophores) 0.005; Echinoderms (vari- 
ous) 0.026; Annelids (various) 0.017 ; Crustacea (shrimps) 0.181. 

For various marine bacteria the rate of oxygen consumption is very 
high compared to the above figures, being of the order of about 110 
ml/g/hr at 22”C and depending upon nutrient conditions (ZoBall, 1940). 

The great differences in the amounts of oxygen used per gram of wet 
weight are related to the great diversity in the water content of the living 
organisms. For example, low values found in coelenterates are correlated 
with the small percentage of solid organic material. -Norris (in Hyman, 
1940), for instance, found that the organic matter constituted only 0.85 
per cent of the jellyfish Aeqtiorea. The stage of development of some 
animals is also a factor in the rate of respiration. At 10”C Stage V of 
Caiamu finmarchicus was shown to consume 0.25 ml of oxygen per 
thousand individuals per hour while adult females consumed 0.40 ml of 
oxygen per thousand individuals per hour (Marshall, Nicholls, and Orr, 
1935). In recalculating the data of these investigators so as to present 
the oxygen consumption per hour in relation to weight in grams — using 
the average dry weight 27.35 mg/ 100 individuals of Stage V (Marshall, 
Nicholls, and Orr, 1935, p. 805), and considering the dry weight at 25 per 
cent of wet weight as Heilbrunn has done in his compilations — we arrive 
at an oxygen consumption of 0.228 ml/g/hr. If these figures present an 
accurate picture, we must assume that the metabolic rate of copepods is 
relatively high compared to other invertebrates, but this is in keeping 
with their very active lives. The figures arrived at for oxygen consump- 
tion by this species at Woods Hole are even considerably higher, namely 
0.896 ml/g/hr at 15.5“C (see below). These values are hi^er than the 
ones found for certain marine fishes (Wells, 1935), the maximum oxygen 
consumption for Fundviiu at ]6”C being 0.220 ml/g/hr and for GittUc 
at 20”C 0.242 ml/g/hr. 
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The eoucentralaon of oxyien in the sea is not only vexy 9U»eh tes« |wr 
unit volume th|n in tiie air but there is also very mueh greats ineg^hur* 
ity in its distribution mid in some instanees vmy sharp gradiratts may 
exist. The range of oxygen may be from 0 to 6.4 ml/1 over a depth 
range of only 10 m, and in such rather isolated instances as in 
stagnant fjords the oxygen deficiencies lue markedly reflected in the 
fauna. 

The physical factors involved in the concentration, renewid, and 
distribution of oxygen in the sea are discussed elsewhere, and from these 
we note that on the whole the ocean, even in abyssal depths, is vdl 
supplied with oxygen for aquatic breathing organisms. We may thmfe- 
fore consider that oxygen is not, as a rule, a detennming factor in the 
distribution and movements of most marine life. However, the irregu- 
larities in oxygen content and distribution referred to above are none 
the less higbly important and, in many restricted instances, riie low 
supply of oxygen and the hydrogen sulphide associated with this con- 
dition exclude all but anaerobic organisms on or near the bottom. Under 
these circumstances there may be not only an exclusion of animal life 
but a wholesale destruction of aerobic forms living at higher levels when 
temporary disturbances resulting from storms or surface cooling cause 
an upward displacement of these poorly aerated waters. This is wit- 
nessed periodically in certain Norwegian “threshold fjords” where a 
shallow sill prevents free water exchange with the sea and where summer 
heating and influx of fresh water have established a strong stratification 
of the water (pp. 147 and 802). 

The Black Sea, with a maximum depth of 2104 m, being isolated from 
free circulation with the Mt-diterranean by the Boqmrus Bidge, which 
extends upward to a depth of about 40 m, is illustrative of a condition 
where a more permanent biological climax has been reached. This hi|^ 
ridge precludes all opportunity of renewal of bottom water by oxygen- 
laden water from an outside source, and the accumulation of fresh water 
together with thermal conditions in the upper layers preclude any very 
deep aeration through convection currents. Decompomtion of t^ rich 
organic material accumulating on the bottom from the productive surface 
layers has used up all of tiie free oxygen so tiiat hydrogen su^dikto 
extends upward from tiie bottom forming a layer of toxk water ovw 
1800 m titick so tiiat the lower limit of animal life is about 130 to 100 m 
(fig. 237). Only anaerobic bacteria can exist in the deepw portion ctf.tius 
environment, which constitutes about five times the volume of the 
upper portion capable of being inhabited by other organisms, lliese 
rigorous conditions, coupled with a reduced sa^ty, have led to an impov- 
erished fauna with eliminatiiim of stenohalhie anil stoaothermie qmeies. 

Very little is known regarding the letationehip that existB between 
the oxygen-deficient or minimum laynr (pp. 699-738} duunetnrirtie of 
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nid-d^tlui in the oceans and the pelade hfe of these depths. It is clear 
that planktonio animals do exist in these poorly aerat^ waters. The 
numbm Me rath«r few but inveBtigations off the California coast seem 
to indicate that the diminution of population with depth is irreqiective of 
the oxygen content. Boipirov (1932) also was unable to detect any 
correlation between oxygen and the vertical distribution of C(^pods in 
the Barents and White Seas. In the Gulf of California there is an almost 
total ‘depletion of oxygen between depths of.j^bout 150 and 800 m. Yet 



Fig. 237. A section through the Black Sea to show 
hydrographic and biological conditions. (ModiBed from 
Nikitin.) 


coi>epod8 and other pluiktonic forms were taken from tliis layer. It ie 
not known whether they were temporMy invasions from above or below, 
or whether they can normally live in such o.xygen>poor water. 

Schmidt (1925b) found that at a deptii of 300 m in the Gulf of Panama, 
where there was only a 2 per c«it oxygen saturation of water, plankttm 
was about ten times more abundant than at the same d^th in the 
Caribbean Sea with a saturation of 50 per cent. Osygen determinations 
given m per cent may be misleading since they are a function of iMnpera> 
ture and do not necessarily show the resinratory value aasooated with 
di mi n i id w d metaboUc rate in cold waters. The oxygen requirements of 
tyiMcaUy deep-sea {dankton an i m als have apparently not been inveeti- 
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gated. However, Marshall, Nicholls, and Oir (1935) found that 
finrnarehietu, whudi may descend to considerable depths, sueeumbed 
when, daring experimentation, the oxygen was reduced to between one 
and two milliliters per liter. Yet Nikirin (1931) reports Cdlanu$ in the 
Black Sea in waters of 7°C with an oxygen content oi less than one 
milliliter per liter. Clarke and Bonnet (1939), working on the same 
species at Woods Hole, found the oxygen consumption at 5.5X to be 
0.35 ml per thousand copcpods per hour, while at 15.5°C the oxygen 
consumption was at the rate of 0.98 ml per thousand copepods per hour. 
The rate of ox^n consumption by these animals is not uniform and 
does not follow strictly van't Hoff’s rule. The range oi hydrogendon 
concentration occurring normally in the sea has no apparent effect on 
respiration, but increased light has a striking effect and may increase 
respiration by 100 per cent. There appears to be no noticeable effect, 
however, of this factor on respiration in the sea below a depth of 5 m. 
Caianua is unaffected by an increase of oxygen content to 19 ml/1 but is 
sensitive to low oxygen tensions (Marshall, Nicholls, and Orr, 1935). 
In other words, the oxygen consumption is independent of oxygen con- 
centration within wide limits. 
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CHAPTBl XVIU 


Interrelations of Marine Organisms 


In ihe preceding chapters we have dealt at some length with the 
external conditions affecting the lives of organisms of the sea. Except 
for incidental references, the discusnon has been concerned mainly with 
factors of the inorganic environment. But it must be borne in mind that 
the organisms themselves as a group form a vital portion of the environ* 
ment, being a part of the whole series of factors tW control the lives of 
the individuals. This complete aggregation of organisms of all kinds, 
together with their activities, constitute what is known as the organne 
etmronmeni. Its study is concerned with the interrelations within tiie 
whole marine population, both plants and animals. 

In the final analyma, many of the inorganic factors operate indirectly 
through the organic factors which they foster. To use the most g«im«d 
illustration, animals can be abundant only vdtere inorganic surroundings 
permit an abundant growth of plants or where currents carry in food 
from regions so supplied. 

It has been not^ (p. 275) that the inanimate environment may be 
olasaified into a number of more or less sharply defined divinmis or 
provinces. Of these, the biotope is t ue primary topographic unit (p. 279) . 
In the sea it represents a portion of *he marine environment in which the 
conditions are sufficiently imiform to foster a characteristic community 
of organisms. It follows that other biotopes with different sets of 
environmental conditions will be populated by somewhat different 
communities although many organisms with wide tolerance may be com* 
mon to two or more communities. Because terminology used in eval- 
uating communities is in an unsetJM state the reader is referred to 
e<»logical studies dealing specifically with the subject (Petersen, 1913, 
AUee, 1934, Shelford, Weese, et al, 1935, Pearse, 1939). 

NATURAL ASSOQATIONS OF ORGANISMS 

Depending upon their degree of intimacy, four types of assodatioiu 
may be recognii^ among organisms. The four types are: (1) asaodatims 
arising firom si milar requiimnents as to environment; (3) commensalism; 
(8) symlnods; and (4) parasitina. * 

879 
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ENvntomuNTAL Absociahon. Aztimab and planta of different 
apecies will be found aasodated togelber in ecological commtmities or 
biocoenosee provided their environmental requirements with respect to 
phyaioai and chemical conditions are much the same. The food relation- 
ships or predatory habits of the members must be such that their habits 
do not interfere seriously with each other. Much of the food may be 
brought to the community incidentally by currents and other water 
movements, but usually a restricted food cycle b established and many 
carnivorous animals prey upon each other, dne species may dominate 
numericaOy owing to better means of protection or gpreater powers of 
survival or proliferation. 

It should be noted that in a natural commimity the inorganic forces 
function to select a general type of fauna. All species that have not 
become adapted to the phyriographic conditions, the range of salinity 
or temperature, will be promptly eliminated from the community. For 
instance, only organisms suited to live on muddy bottoms can become 
established in such habitats, and the same is true of rocky shores (Ricketts 
and Calvin, 1939, Pearse, 1939). However, since there is a great array 
of animals capable of living within the extremes of chemiral-physical 
conditions of these environments, a competition for food and •space is 
established among the members. It is here that some of the biotic 
forces come into play in determining the species or groups of species that 
will make up any given community. It has been found that certain 
species live most successfully only in certain combinations of associates 
(Petersen, 1913). The principal characteristic animal or animals supply 
the name to the community; thus there may be a Venus community or a 
Macoma community, depending upon the importance of these bivalves 
and the combination of animals associated with ibem. Communities 
are also sometimes named for the habitat, for example, they may be 
estuanne communities, exposed rocky coast communities, or wharf-pile 
communities. 

The forces operating to mold the character of a fauna are thus a com- 
bination of the organic and inorganic factors, but the communities are 
more or less unstable since the forces so acting do not remain unchanged. 
Changes resulting from erorion of the substratum or from the degree or 
character of terrigenous deposition on a shore, for example, will result 
in a gradual succession of communities. It is obvious also that the 
organisms themselves, plants and animals, both pelagic and benthic, 
slowly bring about fundamental changes in the nature of the bottom, 
its macro- and microscopic structure, even to great ocean depths. Alter- 
ations may result from (1) burrowing activities of many forms such as 
worms, molluscs, crustaceans, mid otiiers that live in or upon the mud and 
sand, grinding and intermixing the sediments to a depth of a third of a 
meter or more; (2) bming into and eroding such harder struetuies as 
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rocks, COTi^, flliells, day banks, and ledges as by sev«rd of tiie bivalves 
(Phoiat, Saxieaoa, Litinophagtu), crustaceans {Sphaeroma), qpoages 
{Cliona), worms (Levcodore), and sea urchins, (3) accumulations into 
coral reefs, sediments, and ooaes of the calcareous or siliceous akdetal 
remuns of both pdai^c and benthic forms; (4) aceumulatimi of organic 
detritus and other organic derivatives. With these biolopcally produced 
changes, possibilities are created for yet other community changes, until a 
relatively stable climax may be reached wherein a dynamic equilibrium 
exists until the balance is disturbed by exceptional fluctuations in temper- 
ature, currents, and so forth. The precipitation of organic material to 
the bottom, in bodies of water lacking adequate ventilation through 
circulation of the water, leads to a biological climax wherein only anaerobic 
bacteria can exist. The Black Sea is an excellent example of this (p. 871 ). 

Commensalism. A closer association than that above discussed is 
commensalism. Here two organisms live together, one at least being 
benefited and the other neither injured nor benefited. Certain small 
decapods are frequently found thus associated with bivalves, living 
within the mantle cavity. Scaleworms (polynoids) inhabit rimOu' 
portions with limpets and chitons, and are also found between the ra 3 r 8 
or in the ambulacral grooves of starfish. Certain small fishes (gobies) 
live in the burrows of burrowing worms and crustaceans, and many small 
pelagic fish seek refuge among the stinging tentacles of large jellyfish 
and siphonophores. According to Wilson (1932) at least 80 pet cent of 
the copepods belonging to the suborder Notodelphyoidea with 41 genera 
are commensals within ascidians. Certiun barnacles (CorontUa) and also 
diatoms (Cocconeis coticola) grow upon the skin of whales. The relative 
abundance of this diatom jn the skin of whales is correlated with the 
length of time the animals have been in Antarctic waters, rince this 
diatom does not thrive in the wa'-'n waters of lower latitudes. The 
yellow color imparted by these organisms to the ventral surface of the 
whale is thus an index of the fat condition, for it is in these waters that 
fatting takes place (Hart, 1935). Commensalism is very common 
among marine animals. 

Symbiosis. Another type of yet closer association is found in the 
relationship known as symbioos, wherrin two or more organisms live 
together, this usually being obligat<:)ry and mutually beneficial. \b 
illustrative uf this mode of life may be mentioned the association between 
certain one-celled yellow (Zooxanthella) or green (Zoodilorella) algal 
plants and such animals as radiolaria, sponges, corals, sea anemones, and 
even bivalves and echinoderms. The algal partner, whidi in the sea 
usually is one of the Zooxanthellae, may live within the cytoplasm ci the 
tingle cell as in the radiolaria; or within the celU intiaoettularly, or witikin 
the body cavities of multicellular forms. This type of ritiafiontii^ is 
ooramon in the sea but its significance in the economy of the sea is not 
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fuU]r known. DoubtlMS the algn derives benefit by ut iK ri n g waste 
products from the sudi as caiixm dioxide and, pwhaps, also 

nitrogenous wastes. The stands to gain by removal td wastes 

and by utilisation of products of photosyntheris, for example oxygen, 
and is said to draw sometimes directly upon the plants for carbohydrates. 
The Tridacnidae, to which the giant clam Tridacna of the tropics belongs, 
are greatly modified for the housing of Zooxanthellae in the cells of the 
mantle tissues and for their final digestion in phagocytic blood cells which 
carry them from the mantle (Yonge, 1936). It has been suggested that 
the greatest depth to which some corals may grow is determined by the 
algal partner, but more recently it is believed that the corals do not 
derive food from the algae but instead live directly upon sooplankton 
organisms that come within reach of their tentacles (Vaughan, 1930, 
Yonge, 1940). Many reported cases of symbiosis may be commen- 
salism or parasitism, since the reciprocal benefits derived are not easily 
ascertained. 

It is probable that the algae symbiotic with such tropical planktonic 
animals as the Radiolaria represent an important flora which compensates 
in part for the scarcity of the free phytoplankton diatoms generally 
reported from high seas of tropical waters where the plant nutpents are 
low in the surface waters (Hardy, 1936). 

Parasitism. In this type of close association one organism lives 
at the expense of another, known as its host. There are large numbers of 
both external and internal parasites in the sea. Eveathe diatoms do not 
escape; Chaetoceros, for instance, is host to Paulsenella, an unarmored 
dinofiagellate. Among the temporary planktonic parasites are unar- 
mored dinoflageilates, many copepods, and the cercaria larvae of the 
fiukes. 


NUTRITIONAL RfiLATIONSHIPS 

In the sea, as in the terrestrial environment, the prime relationship 
between organisms is that associated with nutrition, and, indeed, the 
relationships leading to the above classification of associations are, in 
the final analysis, nutritional. 

Other relationships are expressed in associations for protection and, 
within species, for reasons of propagative or social instincts. But the 
association for protection is only a reaction against rapacious enemies 
seeldng food and is therefore part of a nutritional relationship between 
predator and prey. 

Alien (1934) has reviewed pertinent literature dealing with the 
microscopic plants as the primary food of the sea. In the sea as on land 
the nutritional relationships result in a food cycle of producers and crni- 
sumers in which solar energy and the regeneration of inorganic nutrients 
utilised by plants in {diotosynthesis form vital links. But tbs rriation 
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between the chief syntheBuers or producers of the sea and the chief 
consumors, the herbivores and the carnivores, has led to a cimdititHi of 
biol<^cal economy in tiie food cycle of the sea that is notably diffeawnt 
from what occurs in the terrestrial environment. This difference resuHs 
from the markedly unlike conditions that are imposed upon the plants 
the two environments. 

The SignificaiKe of Micro-pionli 

It has been shown that sea water possesses in solution all of the 
necessary inorganic elements, phosphorus, nitrogen, iron, and so on, for 
the manufacture of plant substance with the aid of light. In other w<m^, 
the sea as a whole possesses the potentialities of sustaining such auto> 
trophic organisms as are capable of capitalising upon this tremendous 
supply of nutrient material held in solution. Although the sea offers 
these possibilities to plant growth, at the same time it also sets up certain 
serious physical difficulties and barriers by reason of the magnitude, 
depth, and fluidity of the oceans. We know that it is only the merest 
rim of the sea that has sufficient light and, at the same time, suitable 
substratum for attached and other bottom-living plants, and that in the 
open sea plant life is restricted by the factor of illumination to only the 
upper few meters represented by the euphotic sone. This rdative 
restriction of living space makes it of vital importance to plants that they 
overcome or minimize materially the effect of gravity that might lead to 
their destruction below the euphotic zone. This serious challenge of 
the pelagic environment has been successfully met by the plants, and the 
method by which it has been conquered has determined largely also the 
kind of animal life that thi sea can support. 

In order that iht vast stretches of the ocean may be populated and 
its nutrient resources used by pianos beyond a depth of about 40 m, 
special types of plants adapted to a floating existence have evolved. To 
accomplish a pelagic habit, two methods appear to be open. (1) The 
development of buoyant forms with air bladders or similar features to 
keep them at the surface. This is the means evolved by the macro8COj;>ic 
alga Sargasaum. This method, however, is subject to serious hacndici^ 
and can hardly be considered a successful one; moreover, although plants 
of this nature float in large masses and reproduce vegetatively in restricted 
places such as the Sargasso Sea, yet their natural home is along the shore 
attached to rocks from which they have been tom. Such buoyant plants 
can extract nutrients only from a shallow layer at the immediate surface 
and unless mmtained in large eddies of relatively quiet water, they are 
subject to being rapidly driven by the wind and currents into coastal 
areas, there to be destroyed by stranding and by beating of the surf. 
The contribution of organic material by such plants is relatively small. 
(2) Ibe realty successful method Jby which jdants have bem able to 
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e(mqiM»r tiie banien of the sea ia by the evolution of smg^<cdled micro- 
soopio plants. These plants, althou^ of somewhat greats density 
than sea water, are able to remain in suspension in the euphotic sone long 
enmi^ to assimilate nutrients and to reproduce (p. 764). Submerged 
mieroseopie plants escape the hazards of being blown ashore in mass and 
are able to extract the nutrients from a stratum of water extending from 
near the surface to a depth of about 20 to 40 m or more. The almost 
complete absence in the open sea and in many neritic waters of any but 
microscopic plants must in itself be evidenre of the suitability of this 
type of adaptation for pelagic plants. 

The Significance of Micro-animab 

One may ask what influence this type of development of the plants 
has had on the animal population of the sea. Along what lines has the 
aninrnl economy evolved to exploit this vast supply of microscopic plant 
food in the sea? A plant population consisting mainly of scattered 
individuals that are microscopic in size must impose certain restrictions 
and requirements upon the animal grazers that depend upon it for nour- 
ishment. It is significant that in the sea the chief grazers, representing 
the main bulk of the zooplankton, are also microscopic or ^mimicro- 
scopic in size and vast in numbers. Foremost among the grazers of the 
pelagic region are placed the copepods, the diet of which has been shown 
by direct analysis to consist miunly of diatoms, dinoflagellates, and 
other micro-plants', but man/ other small herbivores, especially proto- 
zoans, euphausiids, and larval stages of larger invertebrates also graze 
directly upon the phytoplankton. 

Through all the tiny grazers of the sea nature accomplishes two impor- 
tant ends: first, complete utilization of even the minutest particles of 
primary food; and, second, transformation of the organic material of 
these plants into animal substance of size sufiiciently large to be caught 
and utilized by carnivorous forms. The large number of carnivorous 
animals that occur in the sea is abundant evidence that the numbers of 
microscopic grazers must indeed be great (p. 896). Much economy 
would result if the larger animals could feed directly upon the plants 
in the manner of the large terrestrial animals, but the nature of the 
environment prohibits the growth of large plants except in a narrow 
frh^se along shore and, except for a small amount in the eel grasses, no 
seeds with concentrated nutriments are produced as on land for imme- 
diate use or as a store to be drawn upon during periods of low vegetative 
growtii. It is true that some fishes, particularly the herrings, feed to 
some extent directly upon minute plants, especially during their larval 
stages (Lebour, 1924a), and an exceptional few, such as the oamihaden 
with their notably fine filtering apparatus, feed partiy on diatoms and 
din ofla gd la tes tiuroughout life (Bigdow, 1926). 
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In OUT concept of plant^mimal rriatione, the plants ate to be looked 
upon diiefly as autotrophic oiganisms capable of converting inofgnie 
material to organic material, thus making it available to *.niin«lii m 
pariicviate food. Lohmann found in the Bay of Kiel that for every multi* 
cellular animal there were one thousand piotosoan and seven thousand 
protophytan forms. It is extremely difficult to obtain reliable measure- 
ments of the relative volume of plant and animal substance in the sea, 
but, since only through the endothermic process of photos 3 rntiieris-can 
the solar energy be bound and become available for the building of 
animal substance, it is obvious that the mass of plant material produced 
must be greater over a long period of time than the mass of animal 
material. It appears that even at periods of only moderate production 
the very rapid rate of reproduction in unicellular plants is sufficient to 
mamtiun the zooplankton population, even though the bulk of plants actu- 
ally present at any moment may be less than that of the animals. It 
should be emphasized that the rapidity of reproduction of the nanno- and 
microplankton is as important as the bulk present in the water as food at 
any given time. Lohmann calculated that even though the mass of plants 
may fall below that of animals in the Bay of Kiel, yet plant production 
usually exceeds animal consumption during the summer months. The 
excess may be 29 mmVlOO 1 of sea water. During winter both production 
and consumption fall off, but during midwinter, January and February, 
there is a production deficiency of —0.8 mmVlOO I of sea water. 

It must be pointed out that some of the organic material produced 
by plants is lust to the animals through solution in the sea water; the 
content of dissolved organic matter in the sea runs as hi^ as six or more 
milligrams per liter of sea water (up to three milligrams of carbon per 
liter; p. 250). This represents much more organic materud in the sea in 
solution than exists there as particulate food at any one time, and any 
organisms that are capable of reclaiming this dissolved organic material 
have an important role in the ec(momy of the sea. Bacteria doubtless 
serve this purpose (p. 911), but other saprophytic forms may also play 
a part. Some dinoflagellates are beUeved to be saprophytic, but their 
utilization of dissolved organic matter from the water in such dilute con- 
centrations has not been demonstrated. Attention has already been 
called to certain olive-green cells’* regularly collected in deep water from 
the South Atlantic by the Meteor. These have a maxiTmim distribution 
below the euphotic zone and Hentsehel (1936) believes them to live 
heterotrophically. If this is true, they are important in reclaiming dis- 
solved organic matter and building it into bodies of suitable aiae for use 
by filter-feeding animals at mid-depths. 

In the following axudyos of food relationships our purpose is not 
so much to learn the habits of individual aninuds, thou^ to do so is 
extremely important and indiqmnsaUe in understanding the Idelogy 
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any species, but rather to approach an imderstanding of the ways ih which 
nature has met and capitalized upon the various drcumstances and eon* 
ditions of the whole environment to mmntain a heterogeneous population 
with some form of life in nearly all conceivable habitats of the sea. For 
detailed descriptions and references pertaining to the types of feeding 
mechanisms occurring in invertebrates, the reader is referred especially 
to Yonge (1928), who has classified the mechanisms under three main 
heads according to their adaptability in dedios with (1) small food 
parricles, (2) large particles or masses, and in'taking in (3) fluid or soft 
tissues. We me concerned mostly with the first two, since the third 
includes mainly the paradtes. 

In studying the food relationships of the marine organisms, it is 
perhaps most convenient for our purpose to group the animals according 
to the kind or source of food upon which they subsist and according to 
general methods of feeding, remembering at the same time that the feed- 
ing habits of many are unknown and that many have habits not clearly 
confined to any one of these categories but overlapping more or less into 
others. The larval and adult stages may also differ both in food required 
and in the method of procuring it. The first two groups given below are 
based on the source and kind of food used and, incidentally, on the 
method of feeding. The last two groups are based mainly on methods 
of feeding, but this feature itself results largely from the nature of the 
food. 

Plankton and Filter Feeders 

Under this heading are included the forms that feed upon microscopic 
or semimicroscopic organisms and suspended detritus floating or swim- 
ming freely in the water. It is here that the uniqueness of the food cycle 
of the aquatic environment is most clearly manifest. It is not practicable 
to segregate strictly the true plankton feeders as a group from the feeders 
on finely divided, suspended organic detritus because most plankton 
feeders include detritus in their diet, owing in part to the method of 
gathering food. They may also be derignated as "suspension feeders," 
after Hirsch. Many of the plankton feeders may be called flier feeders 
because of the method in which they collect their food. Most of them 
are provided with some type of screening device through which the water 
is passed while the small organisms are retained as food. A few examples 
will serve as illustrations. 

In filter-feeding copepods, Cedanue finnutrckicue for example, the 
head appendages known as the second maxillae are provided with a 
number of curved setae or spines each covered by numerous fine hairlike 
processes. The appendages are paired and together form the part 
of a filtering net or chamber just posterior to the mouth. The head 
appendages lying between the first antennae and the second maxillae, 
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that is, the second antennae, the mandibular palps, and the first nuudUae, 
are also richly supplied with plumose setae and vibrate regularly at a 
rapid speed (600 times per xninute for C. finmarchdcita). By strobo- 
scopic analy^ it has been shown (Cannon, 1928) that these appendages, 
together with the maxilUpeds lying just anterior to the second maadllae, 
set up swirls of water which result in two vortices (fig. 238). A major 




Fig. 238. The hlter-feediug apparatus of Calantu 
finmarehteus: (al ventral view, anterior portion of aai> 
mal, distal parts of first and second antennae and 
mandibles removed; (b) lateral view of entire animal. 

The lines with arrows indicate the vortices set up. 

(According to Cannon.) 

"swimming vortex" moves the animal ‘lowly forward through the water, 
while a smaller countervortex, the “feedmg vortex," forces a stream of 
water forward into the filter net formed by the setae of the second 
maxillae. The minute food particles are screened out and passed forward 
to the mandibles and the mouth. The second maxillae do not move 
rhythmically as do the other head appaidages, but remain still except 
when being flexed vertically to reject unwanted food into the swimming 
vortex. A system of feeding currents is also set up by the mysids or 
possum dtrimps. They may either fflter the food directly from the 
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watsr or, aasoming a vertical poaitioa head dovmwaxda, they may gather 
food from the bottom depomts. 

Tbe great abundance of euphautiid crustaceans makes them highly 
important plankton feeders because they tiiare largely with the copepods 
the distinction of being grasers upon diatoms and, owing to thtir habit 
of living in large swarms below the euphotic sone, they must be of great 
tignificance in intercepting and utilising the slowly sinking plant material 
produced above in the lighted sone. Euphausiids are known to be quite 
onmivorous, feeding on a wide variety af floating material, plants, 
animals, and detritus. This they comb out of the water with their long 
thoracic limbs which together form a basket through which water is 
pumped by the swimming legs (Bigelow, 1926, Lebour, 1924b). 

The pelagic tunicate Otkopleura is a most remarkable type of filter 

feeder. Its food consists of the 
minutest of drifting organisms, the 
nannoplankton such as coccoUtho- 
phores, bacteria, small diatoms and 
dinoflagellates, and other minute 
forms, which are filtered from the 
water by means of gratings in the 
animal’s temporary vestments or 
Tto portion of the 
plankton may constitute as much as 
a third or more of the total m&ss of plankton at some seasons and localities. 
The house of Otkopleuraf in which it lives while drifting about in the plank- 
ton (fig, 239), is a gelatinous investing structure secreted by the animal. 
Water is drawn into the house through funnel-like structures guarded by 
a set of fine mesh gratings (outer filter) capable of excluding organisms 
of size greater than about 0.127 mm X 0.0345 mm. In the house the 
water circulates through another set of filters (inner filter) that retain 
organisms about 0.030 mm in diameter. The water is circulated by 
undulatory movements of the animal’s ''tail" and is expelled through a 
second opening in the house, thus propelling the house through the water. 
The extremely fine material collected on the inner filter is drawn into 
the animal’s mouth by means of ciliar action. After a few hours the 
screening devices become clogged and the animal then escapes from the 
structure through a third separate opening (exit). Having freed itself 
from the old useless vestment, it secretes a new one with all the compli- 
cated structures for gathering the type of food upon which it is dependent. 

There are also many plankton filter feeders among the sedentary 
or burrowing animals. Indeed, the permanently attached forms so 
characteristic of the marine fauna (and by comparison so conspicuously 
wanting in land fauna) can exist as such only because the water carries 
to them sufficient nourishment in the form of suspended particulate food, 
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and it renudns <»ly for them to devdop means of utiUring the mpfij. 
Tyincat are the adult barnacles, which gather food Uiiufly thiouidt 
rh^mic motion of modified appotdages covered with plumose setae 
which screen out small particles of food carried within reach by oceariond 
waves or water currents. Mussels and dams also filter plankton and 
detritus from the water, pasting the food together with mucus down the 
sides of tile ciliated gills into the ciliated food groove extending dong 
the length of the gills to the labial palps which sort the food prior to 
carrying it into the mouth. That a great deal of selection takes place 
is indicated by Fox ol (1036), who report that for a seven-month period, 
the aggregate stomach content of the Califorma mussel was over 97 per 
cent dinofiagellates while for the same period the phytoplankton of the 
water was over 97 per cent diatoms. Other animah combining the 
habit of filter and muetu feeding are the sea squirts such as Ciona. In 
these animals the water is first filtered of its large particles by a crown 
of tentacles guarding the oral opening and is then passed tiirou^ a sort 
of grating which forms the branchial basket and which is supplied with 
an estimated 200,000 openings and is heavily ciliated for propultion of 
water and for spreading of sheets of mucus over the mtide surface of the 
branchial basket. In the passage of water from the oral opening through 
the grating and out of the atriopore the minute partities of food become 
entangled in the mucus and pass with, it as a thread into the esophagus 
(MacGinitie, 1939). 

A familiar example of the filter-feeding habit is that of the simple 
sponge, wherein flagellated cells lining internal cavities propel the water 
into the sponge by way of tue numerous incurrent pores covering the 
surface of the body. After passing throu^ the more or less complicated 
canal system, the water is then expelled through & common opening, 
the osculum, but enroute the individual flagellated cells select out the 
fine particles of food carried by the water. 

Many plankton feeders may be better classified as preying animals, 
although in some respects they combine this habit with filter feeding. 
Any attempt to distinguish between such categories is based largely on 
the relative degree of selectivity exercised in feeding. Few animals are 
wholly indiscriminate in feeding, and e^en filter feeders exercise some 
degree of selection, either by a mechanical segregation of tise depenctent 
upon apertures of the screening apparatus, as in O&topleura or spongges, 
or by rejecting through cUiary or other action certain particles unpala- 
table for chemical or phytioal reasons. 

We have mentioned oopepods chiefly as herbivorous jdankton filter 
feeders but not all copepods feed upon diatoms and oth^r phytoplankton 
organisms. The freediving types like Torlanm and Candace that may ]to 
contidered largely carnivorous and raipatious have very stroni^ built 
mouth appendages for cateUng and luMing their inrey. 



890 


IKFEi»«>T1QNS OF AAAMNE ORGANISMS 


Jdlyfidbes and ctenophores are highly predaceous in habit, feeding 
voraciously upcui other plankton animals that drift within their reach. 
The former paralyses its prey by means of batteries of nettle cells which 
cover the tentacles. The Utter (Pleurobrachia) when in swarms are 
very destructive to large numbers of other small organisms, of which they 
sweep the waters quite clean. The prey is entangled in the trailing 
tentacles which are provided with sticky adhesive cells. In his study of 
food relationships in the Gulf of Maine, Bi|^low states that “of all the 
members of the plankton, the most destructive to smaller or weaker 
animals are the several coelenterates, and especially the ctenophore genus 
Pleurobrachia, a pirate to which no living creature small enough for it 
to capture and swallow comes amiss.” 



Fig. 240. llie filter-feeding apparatus of the Cali- 
fomia sardine: (a) gill cover and gills removed to show 
one side of brancljial sieve formed by gill rakers; (h) 
enlarged camera ludda drawing of section of branchial 
sieve; (c) Oithona plvmifera, a small copepod drawn to 
the same scale as (b); d, Calanut finmarchicut, a 
medium-sized copepod drawn to same scale as (b). 

Compare with fig. 90, p. 377. 

The formidable jaws of the arrow worm Sagitta attest that it is also 
a highly rapacious plankton feeder; being able to snatch individual 
organisms like Calanus and larval fish despite the fact that it possesse.s 
only light-sensitive “eye spots” instead of true eyes (fig. 228a). 

Among smaller important plankton forms, mention should also be 
made of the tintinnids, radiolarians, foraminifera, Nodiluca, and othei 
pUnktonic Protozoa that engulf such small organisms as chance carries 
within their reach. These are plankton feeders but not filter feeders. 
That some may exercise a d^ree of selective feeding is indicated by the 
tintinnids, some of which are found regularly to contain only the shells of 
silicoflagellates, while others select certain coccolithophores, the cocco- 
liths or armor of which they use in building th^ shells. 

Among the more or less obvious preying plankton feeders may be 
placed many fishes, notably herring, mackerel, sardines, and others of 
this type (p. 896) which either select out individual animsJs of the plank- 
ton or filter quite indiscriminately by the md of the gill ndeers, which 
form a net through which water entering the mouth must pass in ite 


Fig. 241. A portkm of tlM frayed bafamt jdatea forming filter>feadiBg 
aivaratva of the whetebooe whale. 


I 
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course over the gills aod out under the gill coverings (fig. 240). The 
fineness of the net or branchiU sieves formed by the gill rakers varies 
with different types of fishes, and in unclogged condition determines the 
minimum size of the planktonic organisms that can be sieved out for 
food. Even the menhaden, Brevoortia iyrannus, with a notably fine 
branchial sieve, is unable to retain organisms as minute as coecolith- 
ophores and small diatoms and infusoria. In the herring the sieve is 
much coarser, and though these fish are kno%n to select out organisms 
individually the gill rakers must assist materially in retaining many of the 
smaller Crustacea. The stomach of a single herring has been found to 
contain more than 60,000 copepods. It should be noted that though 
much of plankton feeding may appear indiscriminate, yet a good deal of 
selection does occur, since swarms of specific prey may be selected and 
followed, as is evidenced in the herring and in the filter-feeding whalebone 
whales. The plankton-feeding fishes are swift swimmers but the useful- 
ness of this ability must be in large measure to escape their enemies, the 
typical large predators (see below), although most plankton feeders do in 
part also prey upon other smaller fishes. 

It is a strange fact that the largest animals, that is, certain of the 
whales, are plankton feeders, li\'ing upon great masses of very small 
animals. Tliese are the Mystacoceti or whalebone whales, of which the 
blue whale or sulphur bottom, the largest of all living animals, is an 
example (fig. 76 a, p. 314). the mouth of this, type of whale are 
suspended the closely set plates of whalebone (fig. 241) through the 
frayed ends of which water is passed while the planktonic euphausiids, 
copepods, pteropods, and so forth, which make up the principal diet, 
are filtered out. Whales arc most abundant in waters rich in planktonic 
life and, as indicated in fig. 244, p. 904, their numbers may be correlated 
with the abundance of planktonic food of their preference. 

Numerous other examples could be given from diverse animal groups 
to illustrate the manner in which nature exploits the supply of microseopic 
but vasHy numerous and scattered particulate food floating freely in the 
water. Any considerable fluctuations in the abundance or distribution 
of the planktonic food must quickly affect the plankton feeders and, in 
due time of course, other types of feeders as well. 

More will be said later (p. 901) about general problems involving 
filter feeding, production, and population density. 

Detritus Feeders and Scavengers 

We have learned that much of the organic material produced in the 
pelade zone is precipitated to the bottom in the form of living or dead 
bodies of the planktonic and nektonic organisms and Uieir excreta. 
Added to this is detrital material resulting from disinteg;ration of benthic 
{fiants and moinuds and also from influx of terrestrUd material. In 
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regions of lelatively shallow water, wh^ there is a heavy growtii of eel 
grass and algae, the detrital material contributed by tiie plankton misf 
be of secondary significance (Jensen, 1914), but over vast stretdies of tiis 
ocean the plankton must contribute the major portion. This 
forms a mixture with the mud and sand on the bottom and a thin 
of slime or oose accumulates as a sort of pap at the interface of the water 
and the bottom. Thus, in contrast to the pelagic re^n, the food on the 
bottom can become very concentrated in a narrow horixon. 

The organic materiid available in this mixture on the bottom is fed 
upon by bacteria and other microorganismB such as Protosoa, nematodes, 
and rotifers, and the whole mixture in turn is consumed by larger detritus 
feeders. Bottom organic detritus is sometimes considered the 
source of nourishment for most benthic invertebrates. In a survey of 
Danish waters Bleg\'ad (1914) concluded that of 90 or more species of 
invertebrates investigated, 69 (the most common animals) were some 
form of detritus eaters, while 5 were herbivorous and carnivorous and 
16 were purely carnivorous. In the strictest sense only those organisms 
subsisting solely on detrital organic remains are detritus feeders, but it is 
not practicable in a general survey to draw the line so closely. So in a 
broader sense, we see that some detritus feeders may be nourished in 
part by living organisms and are not necessarily entirely scavengers in 
habit. In the littoral zone, especially in the euUttoral zone, part of the 
detrital mixture consists of photosynthetic organisms such as littoral 
diatoms growing naturally on the bottom and thus contribuling to the 
organic material available in the detritus. 

The concentration of (I. tritus feeders is, of course, dependent upon 
the extent of production of plants and nonscavenger animals. Where 
this production is great, there also ^he scavengers must be numerous. 
With increaring depth, the detrital food on the bottom becomes less. 
The plant material diminishes until in the great depths not even sinking 
pelagic plants produced in the euphotic zone above ever reach the bottom, 
being disintegrated through bacterial action or autolysis, or eaten and 
converted into bodies of animals. Such mid-depth and abyssal pelagic 
ftnimalg serve as links in a series of changes that convey suflieient organic 
material, as animal detritus, from tl'e euphotic zone downward to the 
bottom to support at least a sparse benthic population of detritus-feednrs, 
and the animals that in turn live upon them. It is hardly concdyable 
that any plant material as such ever reaches the bottom to eniieh the 
detritus (rf abyssal depths. The rate of sinking of Chaetoesrcs disttoma 
in still water is only about 1 m in 4^ hours. Plankton animals sudi 
as salps sink at the rate of 4000 m in 2 da 3 r 8 7 hours (Hesse, ABee, and 
Schmidt, 1937). The low temperature of great depths is important in 
delaying bacterial action, thus allowing more time for sinking before 
eomidete disintegration ti^es place, while the rate oi sinking must 
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become increasingly diminished as the particles become decreased in 
sise owing to disintegration (Seiwell and Seiwell, 1938). 

Various types of animals may be mentioned as detritus feeders. 
Their habits of feeding are varied and may combine several methods. 
Such burrowing worms as the lugworm Arenicola and others, and the 
protochordate Balanoglosaua, swallow the mud indiscriminately in the 
process of digging and are nourished by whatever digestible material 
may be present in the mud and sand. . 

The clam Macoma na»uJta, lying buried in the mud and sand of 
shallow water, extends its long inhalant siphon to suck up slime that has 
accumulated on the surface of the mud. The digestible material thus 
taken in is entangled in mucus and propelled by cilia to the labial palps 
nnd the mouth. The bivalves Nuctda and Yoldia gather detrital material 
by directly extending the unusually long labial palps to pick up the food. 

Among the echinoderm detrital feeders the sea cucumbers, illustrated 
by Stickopus, suck up large quantities of mud and detritus that has come 
to rest on the bottom. It has been calculated (Crosier, 1918) that in 
certain shallow coastal areas of Bermuda, these animals pass 6 or 7 kg 
(dry weight) of mud per square meter per year through their digestive 
tracts; in a certain enclosed area of 1.7 mi* the mud eaten aniftially may 
be from 500 to 1000 tons. The stomach fluids are somewhat acid and 
may dissolve calcium carbonate. Feeding of this type is important in 
the biological “working ovei;;.’! of bottom deposits. 1’he sea urchins, 
Sirongylocentrotua spp., also subsist on plant and animal detritus. The 
mud-dwelling brittle star lies buried below the surface of the mud with 
several arms extended out over the surface in contact with the top slime 
which they collect and carry to the mouth. 

Mud-dwelling tube worms collect the nutrient-rich detritus by means 
of extended cirri adong which food material can be carried in ciliated 
grooves. Detritus feeders living in the mud also have their quota of 
filter and mucus feeders, although the material consumed doubtless also 
consists of typical planktonic organisms as well as suspended organic 
detritus stirred off the immediate bottom by currents or, in some instances, 
purposely stirred into suspension by the animals, for example, by Callian- 
asm and other (yrustacea. 

The cchiuroid worm Urechin, which inhabits U-shaped burrows in 
muddy sand, has a remarkable method of obtaining food through a 
combination of mucus secretion and filtration. Mucous glands at the 
anterior end of the worm secrete a fimnel-ehaped mass of mucus 5 to 20 
cm loqg lining the upper end of the burrow in front of the animal- The 
broad end of the funnel fits against the walls of the burrow, while the 
narrow end fits as a snug collar around the anterior end of the animal. 
Water is then forcibly pumped through the burrow from front to back 
and in its passage through the mucous tube enoall partides of detiitus. 
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bacteria, and small animals aie entan^ed. Whm the tube becmnea 
clogged, which may require an hour in relatively dear water, the 
disengages the collar, pushes forward, and eats the whole mucous tube 
together with its load of intercepted oi^anic food (Fisher and Mac* 
Ginitie, 1928). 

An interesting method of detrital feeding is shown by the sand crab 
Emerita, which inhabits wave-washed sandy beaches especidly in tropical 
and subtropical waters. Living in sand burrows in the lower part 
of the intertidal region, the animala face seaward while their long feathery 
antennae protrude from the sand to intercept fine detrital material that is 
washed out with the receding waves. 

Littoral Browsers 

In the littoral aone where large quantities of attached benthic plants 
are produced, many herbivorous or omnivorous animals also are found 
that feed directly upon the growing plants and are therefore to be con- 
sidered a complement to the small but numerous planktonic grasers and 
the plant detrital feeders so vital in converting plants into animal sub- 
stance. The large benthic algae have their greatest significance as a 
source of animal food in the temperate and boreal regions (p. 293). 

Numbered among these littoral algal grazers are many gastropods, 
crabs, shrimps, and amphipod and isopod crustaceans. The devices used 
in mincing the plants consist of homy rasplike radulae in the gastropods, 
and claws, pinchers, and mandibles of heavy chitin in the crustaceans. 
A number of fishes, for example the rudder fish (Kyphosus) and the 
butterfly fish {Chaetodo,. as well as other reef and littoral fishes, also 
browse on the attached algae. 

It is not feasible to separate sharply the browsers from the detritus 
feeders and scavengers, since they perhaps all feed more or less indis- 
criminately upon growing plants or upon living or dead fragments, some 
of which may be washed far to sea. Indeed, most plants are eaten after 
they have become detached from their moorings and while in the process 
of breaking up mechanically or through decay. This was also the con- 
clusion of Hewatt (1937) in special observations on food relations of 
intertidal animals at Monterey B<«.v Petersen (1918) reports that eel 
grass is utiUsed mainly as detritus and that it may rither be spread over 
the bottom or carried as fine particles in the water. 

The relation of marine wood-boring organisms to thm food supply 
constitutes an unusual one in the sea and may be arbitrarily mentioned 
under this presmit heading. 

Much organic material is washed or blown into the sea from land 
which incidentally becomes available as food for marine life. Few 
jpstaneen can be died wheidn tyideal organisms oi tire sea are directly 
dependent upon organic products from tiie land. Such dependmice is 
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the rule, however, 'mth the molluscan wood*borers, such as Teredo, 
Bankia, uid with the wood-boring crustacean Limnoria, which bore 
into wood that has be^ carried into the sea by streams or through activ- 
ities of man. The wood diet of the molluscs may be supplemented by 
various plankton organisms, but it has been shown (Boynton and Miller, 
1927, Yonge, 1931) that these borers are able to produce a special ensyme, 
cellulase, wliich converts the cellulose of the wood into glucose, making it 
available as food. A cellulase has not been demonstrated in Limnoria 
but the persistent boring and swallowing of wood by these animids 
strongly suggests that they must obtain a good portion of nourishment 
from the wood. Isolated specimens have been kept alive and actively 
boring and moulting in unsterile cultures for over three years at La Jolla. 
Their only source of food during this time was the wood or such bacteria 
and other minute organisms as might be present on the wood. 

Preying Animats 

On the whole, it is animals of this type that are best known to the 
layman, for they are usually relatively large and their feeding habits 
tend towards the spectacular. We have already had occasion to^mention 
a few of the preying animals such as the jellyfish, arrow worm, certain 
copepods, plankton-feeding fishes, and whalebone whales because of 
their role in utilising the food offered by the micro- and macroplankton. 
The fishes and whales of this tyi^e were considered, in part, also as filter 
feeders. 

Fast-swimming predators, among which are the surface fishes tuna, 
barracuda, and salmon, are provided with well-develo{)ed eyes and 
efficient teeth to aid in capture of their prey, which consists largely of 
idankton-feeding fishes. It should be noted here that such plankton- 
feeding fishes as the herring, sardine, menhaden, mackerel, anchovy, 
and alewife are fishes of exceptionally great abundance and are eagerly 
sought as food by the larger preying animals of the pelagic region. Some 
idea of their numbers may be gleaned from the fact that over 600,000 
tons of sardines have Ijeen taken in one year from California waters 
alone (Scofield, 1937), and the menhaden yield of the east American 
coast may reach 400,000 tons in a year (Tressler, 1923). Such fishes 
must therefore stand as an Important link between the animal plankton 
and the larger piscine predators unprovided with direct means of gaining 
sustenance from the small planktonic life. High in this complex food 
pyramid are also the toothed whales and other marine mammijbi. 

The pelagic fishes of great depths are also predators but they are of 
lelativdy small siae, usually ranging upward to only a few centimeters. 
This small rise may well be correlated with the scarcity of food at these 
depths. The diminutive rises not only represent a con8ervath>n of 
orgaido material in growth, but ateo, owing to the increased ratio ol 



MTBmBATIONS OF MARINE ORGANISMS 


897 


surface to volume, rfieir buoyancy is increased (p. 821), therrfore lesa 
energy is consumed in muscular activity associated swimming to 
overcome mnking. The condition of fo^ relations in the deep sen can 
for the most part only be inferred, mnce we know but little of actual 
relationships in the depths. We know that plants are not produced 
there, that the sooplankton is scanty, and that the various contrivances 
and food habits of many of the fishes caught at great depths stnms^y 
suggest a scarcity of food. Specimens taken in deep trawls sometimes 
appear to be emaciated (Parr, 1934). As an aid in overcoming the 
adverse food conditions, many of the deep-sea fishes are provided with 
special adaptations (figs. 230, p. 829, and 231, p. 831). The mouths of 
many are disproportionately large and the stomach and body wall 
enormously distensible, permitting in some instances, as in the genus 
Chiasmodus, the swallowing and digestion of fishes up to three times the 
captor’s size. The mouth is frequently well armed with formidable teeth 
to prevent the escape of prey caught between periods of fasting. Some, 
we know, are equipped with luminescent lures and even hooks to assist in 
making the best of prevailing conditions. 

Among the nonplankton-feeding predator mammals of tbe sea are 
the toothed whales, for example the spem whale (fig. 76b, p 314), which 
is provided with teeth only in the lower jaw and which dives to great 
depths for its favorite food the squids, including the giant squid, the 
largest of all invertebrates. Other cetacean predators are the killer 
whales, porpoises, and dolphins, animals adapted to swimming with 
incredible speed and provided with teeth in both upper and lower jaws. 
To these must be added the seals, the sea lions, and the walruses. The 
first two catch their prey ^dsh and crustaceans) with very well-devdoped 
but ordinary teeth, while the last are specialized with long tusks with 
which to dig shellfish from the bottom. 

Many benthic animals are predaceous, living upon each other and 
upon other bottom animals already discussed as users of detrital and 
finely divided food occurring on the bottom. The list indudes many 
bottom-living fish called “bottom feeders” or "ground fish.” The best 
known among these are the plaice, flounders, halibut, croakers, cods, 
and rays which live on the crustaceans, shellfirfi, worms, and »>elenterate8 
of the bottom conununity. 

Sea stars are notably voracious feeders on bivalve molluscs, a rin|^ 
specimen having been known to devour five or ox clams in a day. Pre- 
daceous snmls, distinguished by their long siphons, ate also enemies of 
Invalves and othei molluscs, drilling a neat hole tiuoug^ the shdl and 
eating the soft contents. 

The interrelations of the organisms of the sea are diagrammatically 
summaiued in fig. 242. The volumes indicated are not baaed on emn- 
putations and should be considered as being only very roug^y profwr- 
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tional and presented only as aniud to visualisation of conditions. The 
volume of plants is indicated as greater than that of animals, whereas 
actually there are seasons when it is less. 

The marine bacteria are a vital link in the nutritional relationships 
of all marine organisms, but it is more convement to discuss these later 
under a special heading (p. 908). 



BIOLOGICAL FACTORS INFLUMCING MOVEMENTS AND 
CONCB^TRATION OF ORGANISMS 

From what has just been said concerning the interrelations of organ- 
isms, it is obvious that in a study of the combination of factors controlling 
the whole or a given portion of the population it is necessary to consider 
seriously not only physical and chemical factors but also Mologicdl factors 
that have direct bearing on the lives of the individuals of the population. 
These factors are associated chiefly with feeding but there may be other 
less obvious influences. We have already alluded to the abundance of 
plant production in the coastal waters and to the inanimate factors mak- 
ing for high productivity. The direct coroUary is the abundant animal 
life of the coastal repons aa opposed to the more sparse population of the 
waters far from shore. 


Phytoplankton — Zooplankton 

In attempting to evaluate the importance of the ecological relation- 
ships of natural biological groups in the sea as a whole, we are forced to 
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conclude that from the standpoint of economy of the sea no relationship 
is more fundamental than that existing between the phytoplankton on 
the one hand and the zooplankton on the other. These stand as two 
huge volumes of organic substance at the base of the food pyramid. 
Hence it is mainly to this relationship that we shall devote our discussion 
of a few typical cases 

Organisms making up the plankton are usually short-lived, particu- 
larly the photosynthetic organisms since these are notably sentitive 
to changes in the physical-chemical living conditions. Seasonal and 
sometimes interseasonal periods prevail, therefore, when but little phyto- 
plankton can be found; but, at least in temperate regions, a vernal 
production followed by subsidiary increases of phytoplankton can be 
depended upon each year. This 
vernal production of phytoplank- 
ton must be considered as an 
event of great significance, for it 
comes at a time coinciding with 
abundant production of pelagic 
larvae, especially of invertebrates, 
that feed upon it (see below). 

Any factor, whether it be in 
reference to phytoplankton food 
or to inorganic living conditions, 
that hampers the success of these 
swarms of larvae will function im- 
mediately to the disadvantage of higher plankton feeders that utilize the 
larvae directly or the adult population resulting therefrom. Studies 
have indicated that among these feeders may be placed many commercial 
fishes, especially the young, but also the adults. Any degree of failure 
of the spawning or development of larvae of the permanent plankton 
(of wliich copepods may be considered typical) must also be reflected 
only a few weeks later in the adult stock available in any area, for the 
adults are short-lived and apparently die after the spring and summer 
propagative periods and therefore depend upon the success of these 
broods to maintain the adult stock at a high numerical level. Copepods, 
we know, feed upon the phytoplankton and in turn constitute an impor- 
tant item in the diet of many fishes. Assuming that phytoplankton 
production may be correlated with abundance of light, an example of the 
far-reaching effect of phytoplankton production on the mackerel is 
offered in a study by Allen (1909), which shows a direct oortdation 
between the abundance of fish caught during May and the total hours 
of sunshine for the preceding February and March, over a period of 
seven years (fig. 243). Official figures for the mackerel fisheries as a 
whole show a marked drop in 1906, and BuUen (1909) has shown a 



Fig. 243 Correlation between sun- 
shine and the abundance of mackerel. 
(From Allen.) 
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wmitor drop in the looplankton for that year, suggesting the intervention 
of some factor which disturbs the general trend. 

Many investigators have observed that during the growing season 
when dktoms occur in abundance there frequently appears to be a 
scarcity of sooplankton. A combination of causes doubtless operates 
to produce this effect. Two main hypotheses have been advanced in 
explanation of the phenomenon of inverse relations. The least compli- 
cated explanation is found in the hypothesis of grazing (Harvey, 1934), 
which holds that diatom numbers are controi(led through consumption by 
animals. The alternate hypothesis is that of animal exchmon, advanced 
by Hardy (Hardy and Gunther, 1935; Hardy 1936). 

AsmAh Exclusion. According to this view, which involves a con- 
sideration of the regular vertical diurnal migrations of the sooplankton, 
certain of the animals during a part of the day swim upward into the 
layer of water where diatoms are being produced. The duration of their 
sojourn in the upper layer is inversely related to the concentration of the 
phytoplankton. Thus they are excluded vertically for a considerable 
period of time when diatom production has resulted in a dense swarm of 
diatoms. It should be noted that this exclusion is primarily a vertical 
one; nevertheless it may result in lateral exclusion when there is a differ- 
ence in the speed or direction of flow of the upper euphotic Idyer and of 
the deeper layer into which the animals have descended and in which, 
when the diatoms are very abundant, they may spend a dispropor- 
tionately long time. A lateral displacement may therefore be more or 
less complete and the greatest Concentration of animals will finally occur 
in areas where diatoms are relatively scarce. The implications of this 
hypothesis on the habit of diurnal migrations should be noted (p. 836). 

As evidence in support of this hypothesis, it was found during tiie 
Discovery investigations in the Antarctic that the greatest concentration 
of zooplankton occurs in areas low in phytoplankton content and rela- 
tively high in phosphate content, which indicated that phytoplankton 
production had been low for some time. Correlated with this disparity 
was the fact that blue and fin whales, which are known to seek out and 
feed upon zooplankton, were present in greatest numbers in the areas 
rich in phosphates. Some support is also given through experiments 
which indicate that some animals are more stron^y negatively photo- 
tropic in the presence of many diatoms (Lucas, 1936). Plankton animals 
exhibiting the most pronounced activity in diurnal vertical migrations 
are the ones most likely to be exclud^ according to the hypothesis. 
Young stages are believed to show less tendency to exclusion. In the 
hypothesis of animal exclusion, which is considered as a tentative one, 
the emphaos is placed on tiie inimical effect (presumably chemical) of 
plants on the animals. 
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Qrazinq. The concept in this hypothecs shifts the emphaas to the 
effect of the grazing zooplankton as a control of phytoplankton produc- 
tion. That grazing is a highly important factor in the control of phyto- 
plankton is given much support by various investigators (Harvey et al, 

1936, Fuller, 1937). 

According to this point of view, large phytoplankton and zooplankton 
populations cannot exist simultaneously in the same area for long, since 
the extensive grazing by the zooplankton prevents the phytoplankton 
from building up or maintaining dense growth. As a result of investiga- 
tions of Harvey et al (1935) it is indicated that in general “a change in 
diatom population is brought about by a change in one or both of two 
opposing factors — the rate of growth of the diatoms (depending upon 
illumination and probably on concentration of nutrient salts) and the 
rate at which the diatoms are eaten (depending upon the number and 
kind of herbivorous animals).” Therefore, in any area a dense phyto- 
plankton population is the result of optimum growing conditions com- 
bined with a relative scarcity of grazing animals, the yield of plant cells 
having been greater per unit time than the consumption by animals plus 
the loss that may result through other causes. Since dense plant growth 
is favored in the absence of grazers It appears as if the animals have been 
excluded because they avoid a dense diatom population. Evidence of 
grazing is found in the fact that phytoplankton may “disappear” when 
nutrients and other growing conditions are good. 

In this connection it is significant to note that computations indicate 
that during maximum grazing plankton animals may consume somewhat 
less than half their own weight per day. The copepod Eurytcmora 
hirundoides is said to eat .is man}' as 120,000 small diatoms (Nttzschia 
dostertum) in a day (Harvey et al, 1935). Lohmann 1 1908), in an exhaus- 
tive study of plankton at Kiel, assumed that each metazoan animal 
requires a duly ration of one tenth us own volume. A 30 per cent daily 
increase in plants was assumed to take place, and only this much could 
then be removed without reducing the initial plant stock by overgrazing. 
As stated elsewhere (p. 885), calculations on this basis showed a plant 
dehciency during the seasons of low plant production. As a matter of 
fact, the rate of increase in numbers of plants cannot be so simply stated. 
It varies greatly and so also does the lutc of feeding in grazing animals, 
and widely different combinations of plants and grazers must occur. 

Evidence has been brought to indicate that some plankton filter- 
feeding animals, that is, copepods and m}rsids, filter the water at a rather 
constant rate regardless of the concentration of the microscopic particu- 
late food that is present (Lucas, 1936, Fuller and Clarke, 1936, Fuller, 

1937, Fleming, 1939). Other factors, such as light, temperature, and 
size of particles, function to vary the filtering rate (^Uer, 1937). This 
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coQstaQt rate of Slteiiag (feeding) is agnificaot because dui^g periods 
of great diatom concentrations a given number of animals will consume 
the diatoms more rapidly than the same animals are capable of doing 
in a sparse population. Daring periods of excessive food the grazers 
ingest many more plants than they can digest and the partially digested 
material is included with the feed pellets fHarvey et al, 1936). It is 
obvious that relatively small changes in the herbivorous animal popu'a- 
tion will have profound effects on a plant population. By way of illus- 
tration it has been calculated by Fleming (1939) that, given a diatom 
population with an initial concentration of 1,000,000 cells per liter in 
which the removal by grazing animals is just balanced by a division 
rate of once each day by each diatom, the effect of increasing the grazing 
element by twofold and fivefold, respectively, is indicated as follows 
over a period of five days: 


I 


Time m days 

Population (< 

Grazing element 
doubled 

sells per liter) 

Grazmg element 
increased fivefold 

0 

1,000,000 

1,000,000 

1 

487,000 

62,000 

2 

237,000 

3,000 

3 

106,000 

240 

i 

66,000 

15 

5 

27,000 

<1 


When plants have been reduced through grazing or when conditions 
for growth of the plants become less favorable and the division rate 
diminishes to a point where production of new cells is less than the num- 
ber consumed by the grazers, animals again dominate the field. The 
progressively diminishing efficiency in catching plants as they become 
scarce is important to the survival of the diatoms since as a result there is 
likely always to be some “ seed ” left in the water. It is important to note 
that observations taken at fixed places, in areas where an exchange of 
water masses occurs, may show an apparent succession of phyto- and 
zooplankton populations. However, under such conditions no true alter- 
nation has occurred but only an apparent one owing to the exchange of 
water within the area under observation Investigations of food relations 
in the plankton can, of course, be most reliably carried on in bodies of 
water such as bays or other closed systems that are sufficiently isolated 
to experience little or no influence from inflow or outflow from adjacent 
waters and therefore support an endemic self-contmned populatiim. In 
open coastal areas where much exchange of water occurs, the details 
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of the series of events in the food cycle must be relatively more confused. 
It is natural to expect that an increased zooplankton population viB 
always follow chronologically a good crop of phytoplankton; but, owing 
to slow multiplication and growth in animals, the obvious effect may be 
masked or much delayed. It is therefore sometimes extremely difficult 
to demonstrate in the field the immediate relationship of the zooplankton 
to the phytoplankton. 

Some investigations do, nevertheless, show- a clear relation between 
phytoplankton increases and the dependent plankton animals. For 
example, in Loch Striven, a semienclosed area, Marshall, Nicholls, and 
Orr (1934) were able to eon elate directly three main successful broods of 
Calanus finmarchiciis with diatom increases in (1) March-April, (2) May, 
and (3) July and August-September, the main spawning having occurred 
in February-March, May, and July. A fourth period of spawning 
occurred but was abortive owing to scarcity of food for the early stages 
of development. There were also indications that a storage of fat can 
take place during periods of plentiful phytoplankton. 

Nielsen (1937) found that in the open coastal waters of Iceland the 
phytoplankton maximum occurred in May. In these waters the zoo- 
plankton was poor and was represented mainly by juvenile individuals, 
while at the same time in th proU'cted fjords, where diatom maximum 
came a month earlier, there was an abundance of animal plankton with 
numerous full-grown individuals. 

Mention should here be made of the mutua’l> beneficial relationship 
derived by the phytoplankton and the zooplankton through an exchange 
of oxygen and carbon dioxid® in solution. We know that during photo- 
synthesis by the plants nuch oxygen is produced in the waters of the 
euphotic zone. It is not clear, however, to what extent this means of 
aeration is a necessary supplement <0 that w'hich results from diffusion 
at the contact zone with the atmosphere. In isolated quiet waters it 
must be an important item. Waters of great depths have a sufficient 
supply of dissolved oxygen to support their characteristic types of animal 
life and this must have been transported directly from the surface or 
euphotic zone through diffusion and the action of water currents. It is 
probable, however, that a greater rate of metabolism in the more abun- 
dant animals of shallower depths, > 'u*re temperatures are higher and 
food more abundant, sets up a requirement which could not readily be 
met by diffusion of oxygen from the surface alone Plankton animals 
do occur in the oxygen minimum layer below the euphotic zone of the 
Pacific, and in the Gulf of California they are found at mid-depth layers 
where oxygen is near zt'ro The numbers of animals in the oxygen 
minimum layer are nevertheless small, and this may have resulted in 
part from the low oxygen content in the absence of photosynthesis or 
rapid diffusion from better aerated'waters. 
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Plants in the lifted zone must derive some benefit throu^ the 
carbon dioxide produced by animals living in the same waters; but here 
also rile significance of this source, though certainly not nei^ble, has 
not been established. 

The interrelations of the plankton animals have not been studied in 
such detail as those between the plants and animals. That many of them 



Pig. 244. Correlation of the catches of whales with 
abundance of euphausiids in Davis Strait. (After 
Hjort and Ruud.) 


are carnivorous or omnivorous has been mentioned, and among these 
the medusae and ctenophores are notably influential in sweeping the 
waters clean of other planktonic animals upon which they feed (p. 890 ). 

Nekton 

The migrations and concentrations of nektonic nnim i ^lt^ are governed 
largely by two biologic factors, reproduction and search of food. Mention 
need only be made of such truly phenomenal alternating wanderings as 
are witnessed in the salmon and the eel. Many other fishes migrate, 
although the reasons for the migration of some of them have not been 
ascertained even in a general way. As a matter of fact, even in the 
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species wherein it has been possible to establish the movements as being 
primarily associated with reproduction and food, the reason for per* 
sistently choosing one area in preference to others that may appear 
equally good is shrouded in as deep mystery as are heredity and inst^ct 
that function in the guidance of these wanderings. 

Among the great wanderers of the seas ate the marine mammals. 
The habits of the Alaskan fur seal in returning to the Bering Sea to breed 
are widely known, and some whales migrate regularly to warm waters for 
breeding and between breeding times to the feeding grounds of the polar 
regions for food. 

It will be realized from the above that any study of migratory animals 
and their habits as related to 
these biologic factors is compli- 
cated to the extent to which 
breeding and feeding grounds do 
not coincide. 

It is well known among whalers 
and scientists that blue, fin, sei, 
and humpback whales feed wholly 
or partly upon planktonic life. 

Scientific investigations carried on 
in cooperation with whaling com- 
panies have shown, as might be 
expected, that the occurrence of 
plankton-feeding whales is cor- 
related with the distribution of 
the planktonic life upon which 
they are known to subsist. In 
Davis Strait it was shown by 
Hjort and Ruud (1929) that young 
euphausiid crustaceans (the young 
are considered to reflect numbers of old specimens not so readily caught 
with vertically hauled nets) had their maximum concentration ovri 
certain coastal banks, and it is precisely in these waters that the maximum 
numbers of whales also occurred (fig. 244). The euphausiids tend to 
collect in swarms during breeding u-d the appearance of blue whales 
coincides with the periods of spawning of the dominant species in the 
region. Sperm whiles, which feed largely on squids and not directly 
on plankton, are found to be present fartiier offshore, as indicated in tiie 
figure, "the same authors compare the numbers of sm whales (BaUmeop- 
tera borealis) with the concentration of Calanus finmarckieus during 
the aftTT'P period from the coastal banks. Figure 245 shows a striking 
correlation in the abundance of these animals, with the increase in 
Cabmus preceding somewhat the slppearance of the whales. Data alsc 
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Fig. 245. Torrelation of the catch of 
ei whales (Balaneoptera hpradu) with 
the number of copepods. (After Ruud.) 
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indicate a parallel in year-toyear fluctuation in catches of sei whales 
and copepo^. 

Investigations by the DtKovery likewise showed a positive correlation 
between distribution of blue and fin whales and abundance of zooplank- 
ton, especially with their favorite food Evphausia superba (Mackintosh. 
1934, Hardy and Gunther, 1935). 



Fig. 246. Histograms showing un black) the individual catches of hen mg m 
half-monthly periods arranged in each period from left to riglit in the order of ascend- 
ing values of Calaniu in the associated plankton samples. The average catches of 
herring are shown as shaded histograms. The left half of each series represents 
catches in the poorer, and the right half in the richer Calanus water as indicated in 
the graph for associated Calanus values. (Prom Lucas.) 


Numerous other examples might be given showing the concentration 
of whalebone whales in coastal areas rich in plankton food, and their 
instinctive migrations into these waters at the swarming season of such 
forms as euphausiids is truly phenomenal. One is impressed with the 
efficiency of the metabolism of some of the large animals which feed 
upon the animal plmikton. For instance, at birth the blue whales are 
about 7 m long and weigh about 2000 kg (4400 lb), and at weaning, seven 
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monthB later, they are 16 m long and wagh 23,000 kg (51,000 lb). In 
two years they are sexually mature and may attain a length of about 24 m 
(79 ft) and a weight of 60,000 to 80,000 kg (133,000 to 177,000 lb) (Krogh, 
1934a). Blue whales are capable of catching enormous quantities of 
planktonic food, as witnessed by the fact that the stomach of a single 
individual was found by Collett to contain as much as 1200 liters of the 
euphausiid Thysanoessa (Bigelow, 1926). At resting metabolism a 
whale is assumed to consume 38 1 of oxygen per minute and the speed 
of swimming may be 10 knots, wliich has been calculated to require 
about 47 hp (Krogh, 1934a). 

Among the pelagic fishes the best material illustrative of correlation 
with plankton comes from studies of the herring. It has long been 
believed that the movements and concentrations of these fish are asso- 
ciated with the relative concentrations of the zooplankton upon which 
they feed. Hardy, Lucas, Henderson, and Fraser (1936) have recently 
investigated the plankton by means of the plankton indicator (a quick- 
sampling device) and, in correlating the numbers of Cdtanus copepods 
of the plankton with the amount of herring caught by fishermen in the 
same areas, they have shown in most instances that the greatest number 
of adult herring are caught in CaZonus-rich waters. Theoretically the 
gains derived through fishing exclusively in CoZanus-rich waters may be 
as high as 21 per cent. In Fig. 246, from Lucas, is shown the general 
trend of the relation that exists when the CcUanus series are arranged 
in ascending order of numbers and each half of the series compared with 
the average catch of herring for the period. 

A negative correlation is found between heavy phytoplankton and 
herring. North Sea fishermen have observed this in practice, and derig- 
nate the heavily diatom-populated waters as “weedy water” or “stinking 
water” and consider it a bad omen co fishing. 

Benthos 

Among the benthic organisms the animate factors of the environ- 
ment are manifest not only in predacity and competition for food but 
also in competition for favorable space for attachment or burrowing. 
The competition for space is most obvious in sessile forms such as bar- 
nacles and mussels of the intertioi.' zone, where overcrowding must 
lead to elimination as growth proceeds, and many pelagic larvae of 
sessile forms perish by failure to find attachment at all. A foremost 
problem in oyster culture is the curtailment of oyster production that 
results in beds in which the slipper shell Crepidvia is a serious competitor 
with the oyster for food and space. In English waters as mu<di as twenty 
tnutf of Crepidtda have been removed from cmrtain beds daily, and some 
beds there and elsewhere have been completely abandoned for culture 
because of this pest. 
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Many good examples of the influence of biological factors on the 
benthic populations are also offered by studies of other pests on oyster 
beds (Orton, 1937). Among these we may mention the common drill 
Urosalpinx cinerea, which may destroy 50 per cent of the young oysters 
settling on a bed. In Australia whole beds have been destroyed in a few 
days by yet another predator, the mangrove crab Scylla aerrata. The 
extent to which sea stars are a factor in reducing the yield of oysters in 
Long Island Sound is indicated by reports that as much as 500,000 
bushels are annually killed by these pests in that small area alone (Galts- 
off and Loosanoff, 1939). 

In the above, attention has been directed to the effect of predacity on 
the prey, but we may shift the emphasis and consider an instance wherein 
the predator is the object of economic interest. 

According to quantitative investigations of benthic invertebrates 
with reference to their utilization as food for the bottom-feeding plaice, 
it has been calculated by Blegvad (1930) that over an area of 3445 square 
miles in the Kattegat there is produced, as a minimal figure, about 
230,000 tons of “first-class’' plaice food. (The food is considered first- 
class when it is of a type available to young as well as adult animals, and 
second-class when it can be eaten only by the grown animals.) This 
amount of food is believed sufficient to produce 12,800 tons of plaice. 
Animals known to compete for the food of the plaice take about one 
tenth of the total. 

These few examples selecte'd from a field of study intensively pursued 
for economic reasons are doubtless illustrative also of similar biological 
aspects that enter into the control of any population in the sea (see also 
fig. 249, p. 937). 

MARINE BAaERiA AND THEIR ROLE IN THE BIOLOGICAL AND 
CHEMICAL CYCLES IN THE SEA 

Because of the specific role of bacteria in the nutritional cycle of the 
sea, it is fitting at this point to consider in some detail the general biology 
and activities of these microorganisms. 

Although the existence of marine bacteria has long been recognized 
and was early verified even in depths of over 1000 m in the Gulf of Naples 
(Russell, 1892), yet it is only in recent years that the study of bacteria 
in the metabolism of the sea has gotten well under way. For a synoptic 
review of works especially relevant to the development of the subject 
the student is referred to Benecke (1933). 

Structure and Reproduction 

Bacteria are unicellular organisms although some of them form chains 
nr groups of cells. Morphologically there are the following three forms: 
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Coed which are spherical, Bacilli which are elongate rods, and SpiriUa 
which are helicoidal. 

In their structure and activities they form a rather well>defined group 
of organisms, although some possess animal characteristics, especially 
in chemical composition, while others approach more nearly the plants, 
particularly the blue-green alg^, with which they share the characteristic 
of having scattered nuclear material. Some authors consider them as 
occupying an intermediate position between the plants and animals 
(Jordan, 1931). A distinct plant characteristic is the ability of some to 
synthesize such complex substances as amino acids with only ammonia 
as a source of nitrogen. It is important to note that none possess 
chlorophyll, nor are their cell walls composed of cellulose. For con- 
venience, however, they are all placed with the plants; but owing to the 
absence of chlorophyll in their structure they must be regarded as fungi, 
and since their common method of multiplication is by simple fission, 
they are named fission fungi or Schizomycetes. 

Structurally, the marine bacteria are represented mostly by motile 
rods and various types of vibrios or comma-shaped forms, and there are 
fewer spore-tormers in the sea than on land (Waksman, 1934). About 
70 per cent of marine bacteria are colored as opposed to 15 per cent of 
the terrestrial forms. 

Characteristically, bacteria are the smallest of all organisms, some 
measuring only 0.0005 mm in diameter. This extreme minuteness has a 
profound bearing on the activities of bacteria and also introduces very 
special problems and difficulties in the technique of collecting and in the 
estimation of actual numbers and mass. 

Characteristic also oi bacteria is their rapid rate of reproduction 
This is accomplished by vegetative cell division. It may again be 
emphasized here that in nearly all instances where swarms of organisms — 
bacteria, diatoms, dinoflagellates- -occur in such large numbers that the 
water is discolored by the accumulation of their bodies, the method of 
reproduction has been one of binary fission. Assuming an uninterrupted 
physiological state and optimum growing conditions, the accumulation 
of individuals can be extremely rapid since the increase is by geometric 
progression. The rate of divirion of bacteria may be as frequent as once 
every twenty or thirty minutes. Hence, biolopcally, tiiere is a tre- 
mendous potentiality to build up an excesrively large mass. However, 
large masses do not accumulate because of natural checks which hold the 
tendmicy to mass production within bounds. Among such checks may 
be mentioned availability of food supply, formation of toxic metaboUc 
products, physical-chemical conditions of the water, nature of sub- 
stratum, and consumption by other organisms. An understanding of 
these checks or controlling factors is one of tiie ends sought in the study 
of marine bacteriology, for such^an understanding provides an expbma- 
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tion of the distribution of these organisms in the sea and of their effective* 
ness where they are involved in the chemical transformation of organic 
and inorganic substances. 

Associated with bacterial reproduction is the faculty of spore foroaa- 
tion, whereby the individual bacterium of certain species is enabled to 
withstand adverse conditions while remaining in a state of quiescence for 
long periods of time. How significant this faculty is in the marine 
environment, where physical and chemical conditions are relatively 
uniform, at least with respect to the open Water, is not clear. Viable 
bacteria have been taken from strata of marine mud where they must 
have remained buried for thousands of years (p. 920). However, the 
functions of these buried forms as effective transformers in the water or 
immediate bottom have apparently ceased, and the likelihood of their 
revival in the sea bottom is remote. Those not too deeply buried may 
serve to some extent as food for burrowing detritus-feeding animals. 

Bacterial Modes of Life 

For our immediate study of the relationship of bacteria to other 
organisms and to the chemical cycles of the sea, it is necessary to take 
into consideration the vital implications of their activities at^a part of 
the dynamic energy cycle within the marine population of which they are 
a part. The investigations of marine bacteria arc therefore concerned 
chiefly with their physiological processes as applied to the sea and its 
chemical and biological problmps. Their indispensable function in the 
economy of the sea is primarily one concerned with transformation of 
organised substances and not with accumulation or storage of organic 
matter. 

In order to understand better the activities of bacteria, it is necessary 
to distinguish between certain of the different modes of life. These are 
concerned especially with the source of nutrition and the oxygen supply. 

Autotrophic fiAcrnRiA. These resemble green plants in their 
ability to build carbohydrates and proteins out of the simple substances 
carbon dioxide and inorganic salts. Some of these, known as pkoto- 
synlhetic, possess coloring material, or bacteriochlorin, and use radiant 
energy in building up protoplasm, while others, known as chemosynthetic, 
derive their energy from the oxidation of various inorganic compounds 
such as H 2 S, S, or NH4. 

The amount of organic material synthesized in the sea by bacteria is 
small when compared to that produced by the chlorophyll-bearing plants. 
It is not fully known to what extent the chemosynthetic forms contribute 
to organic material on the sea bottom where depths are so great that there 
is insufficient light for photosynthesis, but the concentration of benthic 
animals suggests correlation mainly with the pelagic and benthic algae 
as the source of primary food and not with the bacteria. 
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However, autotrophic purple sulphur bacteria have been on sevens 
occasions reported as being so abundant in isolated inshore situations as 
to impart a red tint to the water, to the surface of algae, or to the bottom 
(Benecke, 1933). 

Hbtbeotkophic Bactebia. These obtain their energy by the 
oxidation of organic compounds. Hence they live as saprophytes or 
parasites. Most bacteria of the sea are of this type. 

We have learned that in the cycle of organic material in the sea it 
falls to the phytoplankton, in particular, but also to other algae to syn- 
thesise organic substance from such inorganic raw materials as carbon 
dioxide, nitrates, phosphates, and others. But the store of certain of 
these materials may be exhausted in the euphoric layer and become 
bound as part of the substance of organisms. However, over a long 
period of rime organisms die at the same rate as they are bom. and thus a 
continuous return of the raw material is possible if a transforming agency 
is provided. Such an agency exists in the heterotrophic bacteria, whose 
enormous task is to perpetuate this phase of the cycle through mineral- 
ization of organic matter. Animals take part in the general C 3 'cle, but 
owing to the fact that as a group they are neither producers nor trans- 
formers (in the sense that plants and bacteria are), a reduced cycle could 
go on without them; indeed, considerable quantities of plants must at 
times by-pass the animals and be directly reduced to inorganic state by 
bacteria (fig. 248, p. 926). The interposition of animals no doubt fimc- 
rions to smooth out the cycle so that bacterial activity goes on at a more 
even rate throughout the year. There appears to be no evidence that 
the number or kind of bacteria show any marked seasonal cyxles (IJoyd, 
1930, ZoBell, 1938). During seasons of plant production, rapidly 
growing animals incorporate large quantities of plant substance into 
their own structure and, owing to !he longer life cycles of many animals, 
much of this material may becume more gradually available to bacteria 
at periods of minimum plant production. Illustrative of this is Loh- 
mann’s study of the cycle of plankton organisms over the whole year at 
Kiel. According to his observations the plants for the year averaged 
56 per cent of the volume of the total plankton. However, it was found 
that from December to February plants formed scarcely a third of the 
total plankton. At Plymouth the . inter production ot plants is set at 
about one fourth of the summer rate. These rates apply only to calcula- 
tions based on given diatom populations during twenty-four hour periods 
of production during these seasons and may vary with other species and 
conditions (Harvey et al, 1935). 

Utilization of Dissolved Organic Matter. In discussing the 
chemistry of the sea, it was pointed out (p. 248) that an appreciable 
quantity of organic matter is present in solution in sea watar. The con- 
centrations per unit volume of wRter are very much smaller tbsm those 
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occurring in surface soil, yet the total quantity of organic matter in solu> 
tion has been estimated as being many times greater than that occurring 
in living organisms at any one time in the sea. Bond (1933) foimd, 
however, that dissolved organic matter averaged only 3.3 times greater 
than the particulate organic matter of the total plankton during the 
season of great plankton production in East Soimd, a very productive 
bay in Puget Sound. 

It was believed by Ptitter (1907) that piany marine animals are able 
to absorb dissolved organic matter throu^ their gills and integuments 
and may thus obtain a portion of their food through utilization of the 
organic matter in solution in the sea. There is little evidence that other 
forms than bacteria make any considerable use of this supply of nutri- 
ment (Krogh, 1934b, Bond, 1933). 

According to some authorities the low concentration and uniform 
distribution of dissolved organic matter in the sea may result from the 
action of heterotrophic bacteria. Sea water may be looked upon as a 
dilute culture medium in which the upper limit of concentration of 
dissolved organic substance is a threshold value maintained by the 
bacteria at a level below 10 mg/1. In apparent contradiction it must be 
mentioned that this may appear too dilute for bacterial growth, since for 
some non-marine bacteria 10 mg/1 of different carbon compounds is the 
minimum concentration in which successful growth occurs (Stephenson, 
1939). This may also be true for marine bacteria suspended free in the 
water. But when the bacteria and other oiganic -material are adsorbed 
to solid surfaces a greater efSciency in utilization of dilute organic matter 
is possible, and growth occurs although concentrations may be much 
lower than 10 mg/1. 

Plxperimentally it has been shown by ZoBell and Anderson (1936a) 
that in normal filtered sea water bacteria may flourish but do so best 
when grown in receptacles providing the greatest solid surface area per 
unit volume of sea water. Increased surfaces were obtained by intro- 
ducing sterile beads, siliceous sand, and so forth. Increasing the ratio of 
solid surface to water leads to increased bacterial activity only when the 
nutrient medium is of low concentration such as that prevailing in the 
sea. It is explained that the increased surfaces offer places for attach- 
ment of greater numbers of periph 3 rtic bacteria (that is, those which 
grow attached to solid surfaces). Clean glass microscope slides sub- 
merged in the sea also quickly show a concentration of bacteria following 
adsorption of organic food and provinon of solid surface. 

The efficiency of the actiAdties of periphytic bacteria is believed to be 
enhanced owing to adsorption of organic matter to solid surfaces and to 
the reduction of diffusion at the immediate surfaces of bodies and within 
the interstices at the tangent of the bacterial cell and the solid surfaces. 
Thus these micro-volumes serve as concentrating foci for bacterial 
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exoensymes and for retention of the products oi ensymalic actiMSi f<n’ 
dig^lioh and assimilation by the bacteria. 

In nature the solid surfaces are provided by all types of particulate 
matter, animate or inanimate, on the bottom, in the plankton, and on 
the nekton. 

OxTOBN Relations. It is convenient to classify the bacteria further 
on the batis of their different oxygen requirements or tolerances. There 
are obligate aerobea which use free oxygen, obligate anaerobes wUch func- 
tion in the total absence of free oxygen, facultative forms which may live 
in either type of environment, and mieroaerophiles which require a reduc- 
tion of free oxygen but not to the point of anaerobic conditions. Most 
marine bacteria are said to be of t^ type. 

Bacterial Chemical Transformations. To facilitate study of 
the cycle of substances in the sea, it is necessary further to classify the 
marine bacteria into several convenient general groups, namely nitrifying, 
denitrifying, nitrogen fixing, sulphur, and iron bacteria, and so cm, based 
upon their metabolic activities in the transformation of these substances. 
To describe these groups is to describe the role of bacteria in the chemical 
and biolo^cal cycles of the sea. 

The Nitrogen Cycle 

The main features of the nitrogen cycle must be considered because 
of the outstanding importance of nitrogen to all forms of life and because 
of the great general interest it holds in illustrating the successive eco- 
logical implications with respect to bacteria. 

It has been pointed out (chapter VI) that nitrogen exists in the sea 
in combination with otu'jr elements, for example, in ammonia (NHa), 
and as oxides of nitrogen in nitrite ion (NOt), and nitrate ion (NOs). 
Nitrogen enters into the composition of all living things. It is one of 
the building blocks (nutrients) used by plants in forming the complex 
protein molecules of their bodies from which animals must derive their 
nitrogen. However, not all forms of nitrogen can be used by plants, 
hence the complex nitrogenous compounds found in both plants and 
animals must, upon death of the organisms, be decomposed, along 
with their products of excretion, to chemically simpler compounds 
utilizable by the plants. This decc^mposition, we know, is accomplished 
mainly by the activity of proteolytic bacteria. 

The process of decomposition involves a series of steps in which 
specifically different bacteria are concerned. The early stages of the 
transformations are not fully known, but amino acids result uid the 
nitrogen compounds — ammonia, mtrites and nitrates — are a part of this 
process. It is these inorganic compounds and also, to some extent, the 
amino acids that can be used directly by the plants for their supply pf 
nitrogen. » 
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The main store of nitrogen in the sea has been considered elsewhere 
(pp. 181 mud 242). We need to be concerned here only with the mtun 
features of the chemical circulation of this element as activated by organ- 
isms including the plmits, animals, and bacteria living within the sea. We 
may bepi^ with the large and complex protein molecule of plant or animal 
tissue which is broken down into more simple products containing nitro- 
gen. The cycle is composed of six transitions known as ammonification, 
nitrification, nitrogen assimilation, denitr^cation, and nitrogen fixation. 

Ammonification. It is well known '^at ammonia is a product 
associated with decay of organic material. There are a number of stages 
and different products involved in this simplification of the molecule, 
among which products are the amino acids, considered present in the sea 
only by inference (Cooper, 1937). The bacterial process of deaminization 
results in splitting off the NHs group in the amino acids, and there are 
many types of bacteria in the sea which are endowed with the ability to 
carry on this process. In weak solutions the ammonia may be inter- 
cepted at this point and the nitrogen as.similated directly by diatoms, as 
is known to occur also with higher plants. ZoBell (1935) and Cooper 
(1937) review the literature, in which there is much evidence that 
ammonia nitrogen constitutes one of the important sourcei^of nitrogen 
utilized by unicellular algae. Ammonia is present usually only in small 
quantities and its distribution and concentration appear to indicate 
the place and intensity of organic decomposition (Redfield and Keys, 
1938). 

Nitrification. It was formerly suggested by some investigators 
that the sea water must derive its nitrates through drainage from land 
or through electrical -discharges and photochemical processes. The 
nitrifying bacteria occurring near shore were thought to have washed in 
from land and not to live normally in the sea. In more recent years 
investigations have concluded from bacteriological and chemical studies 
that this type of bacteria is also beyond doubt truly marine. Carey 
(1938) summarizes briefly the development of our knowledge of these 
microorganisms in the sea. 

The complete process of nitrification includes the formation of nitrates 
from ammonia and nitrites (NHa — ♦ NO2 — » NO»). The organisms 
responsible for converting the ammonia to nitrite are called Nitrosomonas 
and Nitroaococcua. They may live in the absence of organic material, 
obtaining their carbon through assimilation of carbon dioxide and their 
energy to carry on life processes through the oxidation of ammonia to 
nitrites. Investigations by Carey indicate that this takes place mainly 
in two regions, on or near the bottom in coastal areas and in the water in 
association with plankton at moderate depths, though some nitrites may 
ako be formed at mid-depths. Oxidation of ammonia to nitrite may 
also occur photochemically (p. 256). 
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FoUomng the conversion to nitrites, another group of bacteria 
ondizes the nitrites to nitrates. The source of carbcm for the nitrate- 
formers is apparently also the carbon dioxide, and the energy is derived 
through oxidation of nitrites. 

Nitroosn Assimilation. The process of nitrogen assimilation is 
primarily a function of the plants, the phytoplankton and benthic algae, 
but bacteria also assimilate nitrogen. Nitrogenous nutrioats such as 
amino acids, ammonia, nitrates, or nitrites are the available sources of 
the nitrogen used by the plants in building up the amino-nitrogen of the 
protoplasm. It is not clear which of the last three mineralized com- 
pounds are preferred by phytoplankton as a source of nitrogen, but field 
observations provide evidence that they may be used simultaneously. 
During periods of low plant production the process of nitrification results 
in the storage of nitrogen as nitrates, and subsequent outbursts of diatoms 
then draw heavily upon this supply. After assimilation these plants may 
die and be dissociated directly by bacteria, or what is perhaps the most 
usual occurrence, they may be eaten by animals which require organic 
nitrogen from the plants directly or indirectly. In any event, a return 
to the inorganic nitrogen compounds is eventually effected by the bac- 
teria, although animals preying oireetly upon each other may keep the 
organic nitrogen within thei” own cycle for some time. However, due to 
constant losses, this cycle cannot be self-perpetuating, and there must 
therefore be a large group of herbivorous animals to serve as food for the 
carnivorous forms. 

Nitrate Reduction and Denitrification. The nitrogen cycle in 
the sea is more involved than is indicated by the above discussion. Gran 
(1901) and later Baur (1'..02) showed that denitrifying bacteria also exist 
in the sea. These denitrifiers and nitrate-reducers produce the effect 
just opposite to nitrification. Accordingly, nitrates are reduced to 
nitrites by splitting off a part of the oxygen, and other bacteria, the true 
denitrifiers, may carry the process even further with complete reduction 
of the nitrites and evolution of free nitrogen (NOj — » NO* — » N*). This 
last step, which is apparently not of great importance in the sea, con- 
stitutes a loss to the cycle in the sea unless the elementary nitrogen can 
be reclaimed by nitrogen-fixing bacteria (see below). The relatively 
uniform distribution of dissolved Lltrogen in the sea also suggests that 
true denitrifiers and nitrogen fixers are not important in the general 
economy of the sea (Hamm and Thompson, 1941). 

It has been held that the process of reduction of nitrates and nitrites 
by bacteria is characteristic of an environment lacking or poor in oxygen. 
Under these anaerobic conditions and in. the presence of organic matter 
the bacteria find their source of needed oxygen in the molecules of these 
compounds. Rather little is known about the extent of denitrification 
in the sea, but since most sea Mfaters have at least a small supply of 
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dissolved o^fen jdie process of d^tiification would seem to have its 
greatest agx^cauce in rather restricted places such as the bottom-water 
layers in isolated bamns and in the nuuine sediments where aeration is 
poor. However, there is some experimental evidence showing denitrifica- 
tion even in the presence of oxygen (Braarud and Klem, 1931). 

NmtoQSN Fixation. In the terrestrial environment, the fixation of 
free nitrogen by bacteria is an important factor. To what extent similar 
nitrogen fixation occurs in the sea throu^ the activity of bacteria is not 
well known. However, nitrogen fixers ate reported from coastal areas, 
some in symlnosis with algae, and the extent to which they function in 
fixing free nitrogen depends upon environmental conditions involving 
the amount of available nitrogen compounds at their disposal, since 
nitrogen fixation is not an obligatory process (Benecke, 1933). 

Phosphorus, Carbon, and Sulphur Cycles 

Though they are allotted relatively less space for discussion, it is not 
intended to minimise the importance of bacterial activity in the trans- 
formation of these elements. 

Phosphorus is another of the important plant nutrients which has a 
biologically activated cycle involving alternation of organic ^d inorganic 
phases. Whereas carbon dioxide is always present in sufficient quantity 
for the needs of marine plants, the phosphorus, like the nitrogen, may 
be depleted to the extent of interfering with the fullest growth. In 
laboratory experiments phosphate is apparently .quickly regenerated by 
bacteria and other agencies following the death of plants and animals. 
In studies on stored sea water, Renn (1937) and Waksman et al (1938) 
found that phosphates- are assimilated by bacteria in the growth of their 
cell substance but that bacterial competition with diatoms for this element 
is not serious under these conditions, since upon death and autol 3 r 8 is of 
the bacteria the phosphates are returned in a few days in mineralised 
form. When a supply of decomposing diatoms is at hand, the phosphates 
are regenerated from these more rapidly than they are consumed by the 
bacteria. Under these experimental conditions, approximately two 
thirds of the totfd phosphorus present in the diatoms was liberated 
within 132 hours through bacterial activities. Cooper (1935) found a 
more rapid regeneration of phosphates from animal plankton than 
from diatoms. 

It must be emphasised, however, that these quick regenerations of 
phosphates in laboratory experiments are at varimice with findings rela- 
tive to the rate of regeneration in the sea, where renewal in the water is 
much slower, requiring three to four months (p. 260). 

The complex carbon compounds built up by marine plants and animals 
are decomposed through bacterial action with the formation of carbon 
dioxide. This formation supplements the carbon dioxide that is produced 
through respiration by all other organisms and helps maintain the 
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abundant supply utilised directly in the photoeyntiietic processes of the 
diatoms and other algae. 

Sulphur is one of the essential constituents of living matter, and its 
compounds, like those of other elements of protoplasm, are acted upon by 
bacteria. Transformations wrought by bacteria in the chemical com' 
pounds of sulphur may have far-reaching effects on the associated plant 
and animal populations and also upon chemical and geolopcal phenom- 
ena. First, it may be mentioned that plants utilize a small qtiantity of 
sulphur in their metabolism; the compound used, namely sulphate, is 
produced by chemical or biological oxidation. Second, in the decom- 
position of organic compounds containing sulphur, hydrogen sulphide 
is produced as a disintegration product which, when present in large 
quantities, is inimical to plant and animal life. The odor of hydrogen 
sulphide is frequently noticeable at low tide in the organically rich muds 
of protected bays and in muds brought up from deeper water. 

This hydrogen sulphide may be formed by splitting off the H*S 
group of the protein molecule or through a process of reduction of the 
proteins by heterotrophic bacteria. The inorganic compounds of sulphur, 
such as sulphates and sulphites, may also be reduced to hydrogen sulphide 
by heterotrophic bacteria under anaerobic conditions in the presence of 
organic material. Hence it is important to note that through intra- 
molecular respiratiui} oxidation of organic matter ran continue even 
though all free oxygen has been removed. In areas with little or no 
circulation of water near the bottom and with an accumulation of organic 
detritus these heterotrophs as well as true sulphur bacteria abound, but 
the hydrogen sulphide evolved inhibits any other forms of life. In the 
Black Sea hydrogen sulpuide is found from 180 m to the bottom; and 
from a depth of 300 m to 1500 m it increases from 1.48 cm*/! to 6.17 cm*/! 
(6g. 237, p. 872, Nikitin, 1931). Other classical examples are found in 
the oyster pools of threshold fjord? (p. 802). 

Not all bacteria that are involved in the sulphur cycle produce hydro- 
gen sulphide. The metabolic requirements of the true sulphur bacteria 
produce the opposite effect through the process of oxidation. During the 
assimilation of carbon dioxide by autotrophic sulphur bacteria in the 
presence of free oxygen, the hydro(^n sulphide is oxidized according to 
the follomng chemical equation: 

2 H 2 S Ot — * 2HiO -j- 2S 

. In some types of bacteria, including many purple bacteria, the sulphur 
is deported as reserve material witiiin the ^terial cell. The nitrogen 
needed is obtained from ammonium sidts. 

Bacteria and Bottom Deposits 

Only brief mention can be made of the activities of bacteria' in the 
pipcesses of sedimentation on the ocean bottom. Farther eonoideratiem 



918 


INTaROATIONS OF MARINE ORGANISMS 


is given to them in chapter XX, which deals specifically with the processes 
of sedimentation. 

The activities of the various types of bacteria that occur in great 
abundance in the bottom sediments sm believed to have a significant role 
in determining the character of the bottom deposits and the diagenesis 
of rock strata. Some of the results of chemical transformations wrought 
by these microorganisms are: 

(1) Formation of humus, a very stably organic end product of decom- 
position with a characteristic carbon-nitifbgen ratio varying from 8 : 1 to 
12:1 (Jensen, 1914), 

(2) Calcium precipitation in the presence of calcium salts and high 
pH. 

It is believed by some investigators — Drew (1914), Bavendamm 
(1932), and others reviewed by Benecke — that bacteria in the sea are 
important agents in the precipitation of calcium carbonate in marine 
sediments and may therefore be of special geological importance. Many 
bacteria are known experimentally to produce an alkaline reaction in the 
presence of calcium and organic material, yielding ammonia. Such 
organisms may encrust themselves with areolas of calcium carbonate. 
The extent to which this type of precipitation can occur js still a moot 
question. Lipman (1929) was of the opinion that in the sea there can be 
no calcium precipitation because sea water does not contain sufficient 
concentration of calcium, but the general opinion seems to be that under 
certain natural conditions bacterial precipitation. of calcium can and does 
occur in the sea, especially in bays in the tropics where there is an abun- 
dance of organic material. 

(3) Iron and manganese may be precipitated by bacteria that form 
sheaths of compounds of these metals (Harder, 1919). For example, 
they obtain energy from the oxidation of the soluble ferrous bicarbonate 
using the carbon dioxide liberated and precipitating ferric hydroxide. 

Distribution of Bacterio in the Sea 

The greatest numbers of marine bacteria have been found in the 
coastal waters where the greatest abundance of plant and animal life is 
also produced. In vertical distribution we find two main centers, on the 
bottom a few millimeters below the mud-water interface, and in the 
pelagic zone attached to the floating plants and animals and other 
particulate matter (fig. 247). Reference to table 100, from ZoBell and 
Anderson (1936b), will illustrate typical vertical distribution off the 
California coast. It should be noted that even though one center of dis- 
tribution is in the pelagic zone, associated with the plankton, the existence 
of bacteria is apparently not truly planktonic but sessile upon organisms, 
and must therefore also closely coincide vertically and horizontally with 
the maximum distribution of these organisms. 
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It haa been indicated by Carey and Waksman (1934) and others 
lhat bacteria are also present in relatively small numbers in the water 
even to a depth of 5000 m, and to that extent must be considered plank> 
tonic. But since the favorite habitat is one of attachment, it is not 
possible at present to know how normal the true planktonic existence is. 
Many individuals may be there through accident and be able to survive 
and multiply only to the degree that they are capable of utilizing the 
dilute organic matter that is in solution in the water. The advantages of 
a periphytic habit were discussed elsewhere (p. 912). A planktonic 
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Fig. 247. The vertical distributioa of bacteria in 
the sea. 


distribution must, however, be of great significance in the dispersal of 
these microorganisms. 

The greatest density by far of bacterial populations is found on the 
bottom, where as many as 420,00b, ^'*00 cells per gram of wet mud may 
occur (ZoBell and Anderson, 1936b). Such dense populations are possible 
mauily because in a thin , layer representing an interface between mud 
and water there is concentrated a large portion of the organic detritus, 
dead bddies of plants and animals, which is constantly sinking and form- 
ing an abundant rich food supply for bacteria as well as for bottom- 
dwelling animals which compete with them. Most bacteria occur in the 
first few millimeters of bottom ooze mid there is a gradual diminution of 
numbers with the increasing thickness of the bottom deposits. Viable 
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bacteria have been taken from a depth of over 350 cm in marine sediments 
(Rittenberg, 1940). In general, greater numbers occur in the fine sedi- 
ments thui in the coarser ones. 

In fig. 247 is shown the vertical distribution of bacteria and its relation 
to the diatom population. It will be noted that the large bacterial 
populati<m of the pelagic region coincides roughly with the vertical range 
of floating plants and animals. This apparently results from the peri- 
phytic habit of many bacteria. The plankton organisms — diatoms, 

Tabus 100 

AVERAGE NUMBER OF BACTERIA PER MILLIUTER OF SEA WATER 
FROM DIFFERENT DEPTHS AND THE NUMBER PER GRAM (WET 
BASIS) OF BOTTOM SEDIMENT AS INDICATED BY PLATE COUNTS 
(From ZoBell and Anderson) 


Sample 

Depth 

(m) 

Number of bacteria 

Water 

1 

147 

344 

261 

Water 

10 

238 

400 

.360 

Water 

20 

292 

528 

395 

Water 

50 

86 

620 

» 208 

Water 

100 

14 

17 

53 

Water 

200 

3 

2 

0 

Water 

500 

2 

0 

0 

Sediment 

Bpttom 

2,170,000 

768,000 

16,200,000 

£. W. Scripps Station No. 

* 

32A1 

' 32B2 

1 — .. - 

33A3 

Water depth 

704 m 

i 

j 610 m 

1287 rn 


copepods, and so forth — living most abundantly in the euphoric zone, 
serve as surfaces for attachment and offer a favorable environment for 
multiplication (p. 912). The presence of a large periphytic bacterial 
population in the plankton results in prompt bacterial decomposition of 
large quantities of dead organisms before they have sunk to great depths; 
thus a large portion of mineralized plant nutrients is regenerated within 
or only a little below the euphoric zone. 
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CHAPTER XIX 


Organic Production in the Seo 


In the previous chapters dealing with the marine organisms in relation 
to the factors of the inorganic and organic environment, we have had 
many occasions to refer directly to plant or animal production in the sea. 
Indeed, most biological studies relating to controlling factors lead to and 
are essential to an elucidation of the problem of quantitative and qualita- 
tive production of plants or animals in the sea. Studies pertaining to 
production in the sea are of vital interest to several marine sciences, 
particularly to the chemical, biological, or geological, because of their 
bearing on the extent, time, and spatial distribution of organic and 
certain inorganic constituents of the water and of the bottom. 

The gross production (primary production) in the sea can be defined 
as the amount of organic material which by the activity of organisms in 
unit time is synthesized in a unit volume of water (production per unit 
volume), or in unit time is synthesized from inorganic substances in a 
water column of unit area cross section and extending from the sea surface 
to the bottom (production per unit area). The amount of organic mate- 
rial can be expressed as carbon, and thus, the production per unit volume 
can be reported as graii.3 of carbon per cubic meter per day and the 
production per unit area as grams of carbon per square meter per day 
(daily gross crop). Productivity the sea, on the other hand, can be 
defined as the capacity to produce, and is commonly used as a qualitative 
term for indicating the fertility of any ocean region. 

The term production is also frequently applied in a more limited 
sense, namely, to denote the product, that is, the amount produced, of any 
given group of organisms in the sea. The terms plant production, 
phytoplankton production, zooplankton production, and commercial 
production are thus employed. Th** plants are the only organisms in the 
sea which can synthesize organic matter from inorganic substances in 
significant quantities. The plant production, therefore, nearly equals 
the gross production minus the amount of organic matter that is oxidized 
by the plants themselves and the amount that is secreted by the organ- 
isms. Where the depth to the bottom is too great to permit the existence 
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of attached algae, the phytoplankton comprises all plants and the phyto- 
plankton production equals the gross production minus the organic matter 
that is oxidised by the phytoplankton itself or is secreted. Hie phyto- 
plankton production can be reported as grams of carbon per cubic 
meter per day, or per square meter per day, or as wet plankton or dry 
plankton (p. 928). Zooplankton production is the amount of digested 
material that is converted into animal protoplasm; that is, sooplankton 
production represents the difference between the amount of digested 
food, both plant and animal, and that used in katabolic processes. The 
commercial production is a term which is applied to marine products of 
commercial value. It might be defined in timilar manner, but usually 

the bommercial production is 



Fig. 248. The cycle of organic ‘jnatter 
in the sea. 


measured by the yield of fishing 
and harvesting operations. How- 
ever, this yield is not a true 
measure of the production because 
it also depends upon the intensity 
of the fishing and the gear used. 

It is necessary to distinguish 
sharply between production and 
population. Population is the 
amount of organisms per unit 
volume or unit area qs given by 
weight (grams of carbon, dry 
weight, or wet weight) or by 
number present at any given time. 
The populations can therefore be 
ascertained by a single survey, 


but in order to determine the production at least two surveys must be 


made at different times, and the processes must be known by which 


organic matter is built up or destroyed in the time intervals between the 


surveys. 

If we consider the cycle of life in the sea, as represented in its simplest 
form in figure 248, we note that it is made up of two alternating phases, 
the inorganic and tlie organic, the latter being split into two parts by the 
plants and animals. Theoretically it should be possible to measure the 
amount of organic material produced by measuring the amount of mate- 
rial going through either the organic or inorganic portion of the cycle. 
Both methods are used, but both are beset with a number of difficulties, 
as will be noted below. Since the pioneering work of Hensen (1887), 
much progress has been made toward numerical values of the production 
of the sea, yet the best that can be claimed for these at present is that 
they are rough approximations only. 
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Phytoplankton Production 

Data on phytoplankton production may be obtained by direct c«asus 
or pigi^nt analyms of the phytoplcmkton population, or throuf^ chemical 
analytic of the water in which it has grown. 

Dikbct Census. Any sample of the population is only a measure 
of the standing crop, that is, the density of individuals or totti volume or 
weight present at the moment and place of sampling. The common 
method of phytoplankton population analysis consists of centrifuging or 
filtering a known volume of water and counting directly under the micro- 
scope the number of cells of species making up the population thus 
concentrated. The population is then reported in numbers of cells of 
the various species prevailing per liter or- per cubic meter of the 
water. 

This method is essential to detailed analysis of the constituents of the 
phytoplankton communities and for arri'mg at an understanding of the 
factors operative in controlling the production of the different ecological 
types. To illustrate this it is necessary only to recall the plankton 
diatom types of Cleve (see p. 791) or to consider the divergence of require- 
ments of the two main synthesizing groups, namely the diatoms and 
dinofiagellates. When the capacity of diatoms to continue a lively rate 
of organic production drops with increasing temperatures or diminution 
of essential nutrients, this drop is often in part compensated for by a 
flare of production by the warmth-loving dinofiagellates, which by reason 
of their low nutrient requirements and their motility may be able to 
utilize the nutrients below the lower threshold for spring diatoms (see 
p. 385). 

It is, however, extremely difficult to arrive at accurate estimates of 
volumes or weights of organic matter through plankton counts al(me, 
since diatom and dinoflaK'dlate species and even individuals of the same 
species vary greatly in size and organic content and an appreciable portion 
of the diatoms is inorganic material forming the tiliceous shells. Meas- 
urements of volume are sometimes made by centrifuging or allowing the 
plankton catch to settle in graduate cylinders and noting the volume of 
the precipitated material in milliliters. This method, however, does not 
serve to separate plant from animtd material and the widely different 
types of organisms with respect to radiating spines and fluid content 
prevent comparable compactness in settling, with the result that the 
volume readings represent relative values which give only the major 
differences. This objection is partly overcome by measuring the total 
catches in terms of the number of milliliters of fluid wUch they displace. 
This is accomplished by noting the fluid volume before and after filtering 
out all of the organisms. It is not possible however, completely to drain 
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off all of the water, hence the volume obtained includes the water residue 
and also the inorganic structures of the organisms. 

Pl^NT PlOlOBiraS AND OTHBR PlANKTON EQUIVALliNTS. In vieW of 
the fact that the direct plankton measurements are inadequate for arriving 
at figures of total vegetative organic matter in the standing crop or the 
total production for a given period of time, attempts are made to use 
chemical analysis of the essential plant nutrients that have been con- 
sumed from the water by the plants in their production. 

In order to estimate the organic content of a standing crop of phyto- 
plankton, Harvey (1934) has described an adaptation of the method of 
Kreps and Verjbinskaya (1930) whereby the yellow-green pigment 
present in the plants filtered from a known Volume of water is extracted 
by acetone and the pigment thus obtmned in a known volume of acetone 
solution is determined colorimetrically with an arbitrary standard of 
25 mg of potassium chromate and 430 mg of nickel sulphate dissolved in 
1 1 of water. One milliliter of the standard solution is equivalent to 
one “pigment unit” of chlorophyll. This pigment unit amounts to 
0.88 ± .01 tig (1 fig = 0.001 mg) of chlorophyll (Riley, 1938) or the 
equivalent of 3.3 X 10~* mg of organic carbon. The total organic carbon 
content can then be calculated for the volume of water filtered. For 
more direct comparison with plankton counts it is also computed that, in 
the English Channel, one pigment unit is equal to 4000 diatoms of “aver- 
age cell contents.” Additional plankton equivalents are suipmarized in 
table 101, compiled by Fleming (1940). 

In this table the “ wet plankton ” is defined by Atkins (1923) according 
to whom 1520 mg of wet plankton contains one milligram of phosphorus. 
This definition, however, is ''not based on analyses of phytoplankton 
but of seaweed and may be subject to revision. The equivalents of dry 
plankton, settling volumes, and displacement volumes are based on 
observations by Moberg' and by M. W. Johnson (unpublished material). 
The equivalents of carbon, nitrogen, and phosphorus are based on the 
experimental results that the ratios C:N:P 41:7.2:1 by weight. If 
other ratios are introduced, the equivalents must be altered correspond- 
ingly. The oxygen equivalent is obtained by assuming that the oxidation 
of one atom of carbon requires two atoms of oxygen, but Gilson (1937) 
suggests that the oxygen equivalent should be 20 per cent greater because 
allowance should be made for the oxygen consumed in oxidizing ammonia 
to nitrate. 

So far, we have dealt with population only. To arrive at the total 
production of diatoms, for example, for a given unit of time it is necessary 
to have a series of samples over an interval of time so that calculations 
can be made on the basis of differences between the standing crops at 
each sampling. The average reproductive rate of diatoms constituting 
the population, the rate at which they are regularly eaten by the animal 
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plankton (cf. p. 901), and perhaps also the rate at which they sink below 
the euphotic sone are factors for which corrections must be made in the 
final calculations. An example from Lohmann’s observations (1908) 
at Kiel will illustrate the procedure. Lohmann calculated that the daily 
plant increment was 30 per cent of the standing crop, that the protozoan 
animals consume daily one half their own weight m plants, and that the 
metazoan animals (copepods and other forms above the protozoa) con- 
sume daily one tenth their own weight. The daily phytoplankton 
production would then amount to the 30 i«r cent increase assigned to the 
rate of production, but if this increase be^xactly the same as the day's 
ration required by the volume of animals present per cubic meter of water 
for the day, the standing crop of diatoms would show no increase for the 
day. 

As stated elsewhere, Lohmann arrived at figures indicating a>plant 
production of 10 mm'/m* during February, the month of minimum plant 
production. But though the animals were few during the same period 
their food requirement was 18 mm*/ni*. This left a daily deficiency of 
8 mmVni* in food production for the month. The standing crop must 
therefore have been on a decline due to grazing, provided the animals at 
that season actually consumed the normal ration calculated for that 
month. On the other hand, most months showed a considerable 
surplus in production of plant material per cubic meter of wafer over that 
of consumption by animals. In August, the month of highest produc- 
tion, this surplus amounted to 290 mm’/m*. During that month the 
animals were also numerous a^d required a daily supply of food equal to 
60 mm*/m*. Therefore the daUy total organic material produced in 
August must have been 290 + 60, or 360 mmVm*- 

It should be noted here, however, that the production and consump 
tion rates are not so simply estimated as assumed in these calculations. 
The rate of diatom division is not constant as here indicated, but may 
vary within wide limits between individuals or species, depending upon 
nutritional and physical factors which vary greatly over the year. Gran 
(1929) estimated that Ceredium spp. during the summer may have a daily 
increase of 30 per cent whereas some diatoms, for example Chaetoceros 
curvisetum, under favorable conditions may increase over 350 per cent 
daily. Thus during the period of maximum volumes of plants the con- 
ditions for rapid multiplication must have been more pronounced than 
during the periods represented by minimum volumes. With regard to 
consumption by animals, recent information indicates that the grazing 
animals apparently do not eat a fixed ration daily in relation to their 
weight, but instead during periods of high phytoplankton production 
eat much more than they can digest. This undoubtedly applies to 
filter feeders, which consume amounts of plants proportional to the con- 
centration of the plants in suspension during the time of filtering. The 
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rate of feeding is also c(mtroUed by aich external factors as temperature. 
In view of the uncertainties involved in computation of production on 
the bams of observed changes in population, attention has been directed 
in recent years toward estimates of production on the basis of changes in 
the concentrations of essential plant nutrients or on the basis of observa* 
'tions as to oxygen production or consumption. 

Plant-ntjtribnt Consumption as an Index of Oroanic Produc- 
tion. Changes in the concentrations of the essential plant nutrients 
coincident with plant growth are highly useful as indexes of production. 
Redfield, Cooper, and others have demonstrated the existence of a 
rather constant ratio between the elements carbon, nitrogen, and phos- 
phorus in the organic content of mixed plankton (p. 768). The ratios 
C:N:P = 41:7.2:1 by weight, or 106:16:1 by atoms, are also in close 
agreement with the proportions of these elements in sea water {p. 236). 
Therefore a measurement of the drop in any one of these elements in 
the mineralized state in the sea water could reasonably be supposed to 
indicate an equivalent incorporation into organic material during S 3 m- 
thesis of carbohydrates or proteins. The assimila tion of CO* and its 
effect on pH was used as an index by Moore in estimating the organic 
production in the Irish Sea (p. 768) and it has subsequently been used 
elsewhere in conjunction 'sith other chemical changes associated with 
plant growth. When CO* utilization is used as an index, the respiration 
of animals and the tendency for CO* of the water to be in equilibrium 
with that in the air must be taken into consideration. 

During winter in the higher latitudes there is a maximum accumula- 
tion of phosphate in the water. This, when returned to the euphotic 
zone, is the available supply for the following spring growth of plants. 
In chapter XVI we noted that in some areas a vigorous epnsumption by 
plants may lead to a depletion of this nutrient during the growing season. 
In such an event the area has yielded its maximum production until 
further regeneration has taken place or further renewal has occurred, 
for instance by currents from subsurface nutrient-rich layers or by influx 
from elsewhere. There is considerable variation from year to year in 
the amount of phosphate that has been drawn upon by the plants and 
this must be a reflection of the variability in the capacity of plants to 
use the supply available because of other environmental factors either 
inorganic or organic which promote or retard the use of the nutrient. 
In a review of phosphate records covering fourteen years of observations 
in the English Channel, Cooper (1938) found that the percentage con- 
sumption of the total inorganic phosphate of the water column fluctuates 
between' 49 per cent and 81 per cent for the spring productive period 
and between 63 per cent and 93 per cent for the entire period between 
the winter maximum and the summer nunbnum of phosphate. He 
points out that by April, on an aven^ one half of the phosp^te supply 
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for the yeer has been used up. An. nvemge annual utiliaation of about 
78 per cMit of the available aupply, if occurring in auoh iueas aa the 
Antarctic or Puget Sound, where the store of phosphate is high, would 
lead to an exceeding high annual organic production. Not only is 
there variability in tbe efficiency of plants in the utilisation of phosphate, 
but the supply also varies from year to year owing to the nature of water 
flowing into the region. For example, Cooper’s figures show that the 
average maximum phosphate siipply available for the vernal plant 
production varies from an average of 0.67 Mg-&tom/L to only 0.47 
^<atom/L. This has a profound effedf) on both plant and animal 
production. Years of low phosphate are correlated with scarcity of 
plankton animals and poor production of young fish. The differences 
between the winter maximum and summer minimum of phosphate can, 
however, give only an apprommate minimal measure since in the euphoric 
sone some regeneration of phosphate is known to occur, which would 
permit of interseasonal turnover in the supply and thus make possible 
a greater total production. 

In connection with phosphate regeneration it should be pointed out 
here that when a higher concentrarion of phosphate occurs in isolated 
areas below the euphoric sone than occurs in the waters forming the 
regular source supply of phosphate to the euphoric layer, such phenomena 
must indicate that the excess phosphate has been regenefated in tilu. 
The high phosphate values reflect a high organic production in the imme- 
diate overlying waters or in the surface layers of the region from which 
the phosphate-rich water spteads out. In these instances the growing 
organisms have served to entrap the phosphate in their bodies which 
subsequently sink and decay at intermediate depths, thus leading to 
high concentrations of .this substance in these layers. As illustrative of 
this cycle, see fig. 45, p. 239. Such areas also show low oxygen content 
as a result of oxidation of organic material. 

As a complementary study to phosphate utilization Harvey et al 
(1935) made analyris of the phosphorus compounds of the planktonic 
organisms. They found only a fraction of the phosphate removed from 
the water to be present in the plankton popularion, and concluded that 
much of the organic phosifliorus compounds passes through the animals 
undigested and is then dissolved in the water until it is later regenerated 
to inorganic state. 

The utilization of nUxaU by the growing phytoplankton also g^ves 
an index of seasonal production. The various steps in the regeneration 
(see.p. 913) are believed to retard the process so that nitrate accumulation 
during winter is especially pronounced in the northern latitudes, where 
well-defined growing seasons occur. However, since it is only tiie 
nitrogen that plants require from this compound, they can acquire this 
nitrogen from ammonia, and perhaps also frenn amino adds. Aissnonia 
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is an early product of putrefaction of organic material (p. 914), and 
llierefore tlie nitrogen supply may, like that of the phosphate, experience 
some interseasonal turnover in its inorganic and organic phases. 

Oxygen Production and Consumption as an Index of Organic 
Production. The plants obtain carbon for carbohydrate S3mthesi8 
from the CO* in the water according to the equation 

6CO, + 6H*0 — C,HnOa + 60*. 

Above the level of the compensation depth (p. 779), so much oxygen is 
evolved as a by-product that the surrounding water may become super- 
saturated. A measure of this oxygen production provides a means of 
calculating the amount of carbon that has been bound in organic com- 
pounds. For each 1 ml of oxygen set free, 0.536 mg of carbon has been 
assimilated. Experiments on the rate of assimilation at various depths 
in the Gulf of Maine (table 93, p. 777) showed a maximum oxygen produc- 
tion of 2.33 ml/1 at the surface in 9 hours and 10 minutes. The oxygen 
production decreased with depth and reached zero at a depth of about 
44 m. For the whole water column beneath 1 m® the total production 
of oxygen equaled 29.1 1, corresponding to a fixation of 16.6 g of carbon 
for the duration of the experiment. This example illustrates part of the 
technique which can be employed in order to determine the gross produc- 
tion in the sea. In the quoted experiment the submerged water samples 
were all taken from the surface layers and the plankton associations in 
the bottles were therefore not identical with those at the depths where 
the bottles were exposed. In order to obtain correct values of the gross 
production in any locality, plankton samples should be taken from a 
series of depths and should be exposed at these depths, but so far no 
results of such experiments have been published. 

In the experiment to which we have referred (table 93, p. 777), the 
exposed plankton association was a mixture of phyto- and zooplankton. 
The respiration of both plants and a.iimals is therefore included, and this 
explains the high observed values of the respiration. Observations on 
pure cultures of phytoplankton organisms indicate that the ratio of 
respiration to maximum photosynthesis is usually less than 10 per cent. 
In a pure culture of Nitzschia closterium (Barker, 1935a) this ratio was 
8 per cent; in a pure culture of a species of Peridinium (Barker, 1935b) 
it varied from 7 per cent to 14 per cent ; in another culture of Niizsckia 
doaterium (Clarke, 1936) it was less than 1 per cent; and in an apparently 
pure culture of Coacinodiscus excentricus (Jenkin, 1937) it varied from 
3 per ceitt to 12 per cent. 

In instances the phytoplankton production would nearly equal 
the gross production, but the values were obtained under conditions when 
photosynthesis was rapid. On an average for a whole year the ratio of 
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respiration to aesunilation must be greater and may in some retpons be 
as high as SO per cent, in which case the phjrtojdankton production wUl 
be only half of the gross i»oduction (Riley, 1941). 

The efBciency of the gross productiion, that is, the fraction of the 
energy penetrating the sea surface which is utilised in photosynthetic 
activity, is, in Long Island Sound, 0.55 to 0.82 per cent (Riley, 1941). 

In nature, the oxygen accumulates in the layers of organic production 
and thus its fluctuations in time and space give a measure of the intensity 
of phytoplankton outbursts. It can provide only minimal values because 
the exact quantity of oxygen produced yp obscured by the respiratory 
activities of animals and bacteria, and in ^ase of surface supersaturation 
some oxygen is given off to the atmosphere. 

Associated with the above is the problem of estimating the production 
of organic material by a study of the oxygen consumed in the eventual 
oxidation of the material below the water layers in which it was produced. 
This association necessitates a coiusideration of the oxygen used in the 
oxidation of the carbon and in converting ammonia to nitrates, but the 
hydrography of the area must be such that the water layer in which 
oxygen consumption is being measured can be definitely referred to the 
euphotic layer in which the production of organic material is supposed 
to have occurred some time previously. As yet no method has been 
developed by which the amount of oxygen consumed can he determined 
directly, but indirectly it can be found if it is assumed that in the sub- 
surface layer the distribution of oxygen is stationary (p. 161). On this 
assumption the amount of oxygen which in unit time is broutd^t into a 
given volume by processes of diffurion and advection must equal the 
amount which in the same time is consumed in the same volume. The 
replenishment of oxygen by diffusion and advection can be determined if 
sufficient hydrographic data are aVailable (for example, Seiwell, 1935, 
Sverdrup and Fleming, 1941), and so far our knowledge of oxygen con- 
sumption in the subsurface layers is derived from such computations only. 

In closing this brief review of the various indices of organic production 
in the sea, it may be stated that the most reliable figures are, doubtless, 
to be obtained by a combination of the various methods, both biological 
and chemical, in order to provide corroborative evidence. 

Zooplankton Production 

An approach to the problems of organic production of the sea is 
possible through a study of zooplankton production, since the animals of 
this group are in general tiie chief grazers and must fluctuate with the 
supply of their food (cf. p. 899). They are vastly more numerous and 
regularly distributed than the predatory animals and any fluctuations in 
population numbers are not influenced by fishing. 
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That the production of eooplanktim is indeed large may be seen from 
Hedfield’s walytis (1941) of the standing csJbnoid population of the 
Gulf of Maine. The average monthly catch for all sections the Chilf 
was about 40 ml of water>free plankton per square meter of surface. 
The highest monthly value, 90 ml, was obtained in September and the 
lowest value, about 10 ml, was obtained in May. Water-free or dry 
plankton volumes wteVe obtained by filtering the water from the animals. 
This allows them to become more compact than when measuring the 
volume by precipitation in fluid. The latter method gave volumes 
usually about 4.9 times greater. 

On the basis of the above water-free values the standing crop for 
the whole Gulf would be some four million tons. The crop increased by 
about 80 ml of water-free plankton per square meter between May and 
September, which is a net gain of about eight million tons. In the 
English Channel the maximum standing crop for sooplankton in 1934 was 
calculated (Harvey el al, 1935) at about 40 mm* per 100 liters. Con- 
sidering the depth at 100 m, this would be about 40 ml/m* of surface, 
or the average annual value found for the Gulf of Maine. If the zoo- 
plankton production is to be considered a measure of the phytoplankton 
production, many factors tending to vary the volume of zooplankton in 
relation to the plants have to be taken into account. We enumerate the 
four following: 

(1) Much of the zooplankton u consumed by predatory plankton 
feeders that live regularly in the area of production or that enter it as 
invaders from less productive areas. The extent of such consumption 
is not known, but we know, for instance, that rich herring hauls are 
correlated with abundant CciLanus, and that plankton-feeding whales 
also seek out productiv** waters such as those of the Antarctic and of 
northern coastal banks that are rich in their favorite food (p. 905). 
It has been estimated that on an area 8,000,000 km* there may be as 
many as 300,000 whales. The fu>>d required by these animals alone 
must be enormous. They may grow to a length of nearly 28 m and a 
weight of 80 tons in about two years. Their resting metabolism requires 
38 1 of oxygen per minute (p. 907). The energy required for this rapid 
growth and katabolic processes must make notable inroads on the animal 
plankton. 

(2) Many of the plankton animals eat more plants than th^' can use 
in their metabolic processes and thbs pass through the d^estive tract 
much undigested material during periods of high plant production. 
This waste makes it impossible to assign a fixed value to the amount of 
food that animals of a given weight should consume per day to grow and 
repair breaking-down processes within certain temperature ranges. If 
a figure for consumption is to be obtained for filter-feeding forms it would 
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be necessary to determine the average rate at which phytofdankton of 
different densities is screened from the water (cf. p. 902). 

(3) Few plankton animals are strictly plant eaters, but instead have 
a mixed diet of plants and animals or of detritus ariring from both, while 
yet others are wholly carnivorous. The direct relationship of the 
sooplankton production to the phytoplankton as a source of energy is in 
this way obscured and separated in time. 

(4) Finally, much of the phytoplankton production is not consumed 
by planktonic animals but instead sinks to the bottom to serve as food 
for benthic animals or dies and becomes, food directly for the bacteria 
without the intervention of animals at alll 

Commercial Production 

Studies may be concerned primarily with the amount of organic 
material represented in tons per year of fish over certain fishing grounds, 
the poundage yield of oysters on cultivated beds, or the season’s yield in 
barrels of oil from whales. These are evaluations of commercially 
important yields and though they do have a direct relation to the total 
organic production in certain sections of the sea, yet they are too far 
removed from the original source of synthesis of organic material to 
give anything more than a very general picture of production of the sea; 
for wc do not know the ratio between the volume of fish^and so forth, 
and the volume of plants which, through various animal transformations, 
have supplied the food for growth and other vital energy-consuming 
processes of the.se and th^ intermediary animals. The yield of com- 
mercially sought animals is*also subject to change through the influence 
of man and may therefore not give a true value representing their place 
in the balance of nature. Nevertheless, in semiclosed areas it is possible 
to arrive at figures which illustrate in a broad way the relationship in 
production of plants and herbivorous and carnivorous animals. Petersen 
(1918) has made certain calculations of the quantitative food relations 
of important animals in coastal waters where eelgrass, Zostera, furnishes 
the main source of primary food. This relationship is diagrammatically 
shown in fig. 249, from his report. As a working hypothesis he has 
assumed that each unit of weight of herbivorous animal substance 
requires ten units of plant substance in its formation, and each unit of 
weight of carnivorous organism feeding directly upon herbivorous forms 
requires ten units of the latter, hence one hundred plant units are needed 
to produce each unit of a carnivorous animal such as is represented by 
the plaice, for instance. But many carnivorous forms such as the cod 
feed only upon carnivorous animals, as shown by the radiating arrows in 
the figure, and this habit entails another similar loss as the length of the 
chain of transformers is increased, with the result that it has required a 
thousand units weight of Zostera to produce one unit weight of cod or 
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Bunilar animal. The ** useless” animals are supposed to be those not 
eaten by animals constituting fish food, and they form a plant-animal 
cycle of their own. 

From these calculations, which can give only rough approximations, 
we can at least obtain some perception of the vast quantity of plant 
substance involved in production of a small amount of carnivorous 
animal tissue, and in the light of this the world's production of fish, 
which is in the neighborhood of 13 million tons annually, takes on a new 
significance. Failure in production in the initial link of the food chain 
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must be recorded in the series of sequences leading up to the predators of 
highest rank. 

The Production in Different Regions 

It is very well known that some regions of the oceans give evidence 
of being on the whole more productive than others. Locally also, con* 
riderable variation exists in different coastal areas. We have already 
learned 'what some of the underlying reasons may be. Precise quantita- 
tive data on initial organic production are scanty and diverse as far as 
the methods of estimating and the period of time involved are concerned. 
In table 102, which is taken mainly from Riley (1941), some estimates are 
givcgi from separate areas which will serve to illustrate the best available 
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figures, in terms of grams of carbon per square meter or per cubic meter, 
on the order of magnitude of phytoplankton production. 

Large seasonal variations in the nutrient elements have been observed 
in coastal areas in temperate latitudes where there are marked variations 
in the physical, chemical, and biological factors during the year. In the 
English Channel, which is only about 100 m deep, conditions are such 
that complete mixing from the surface to the bottom takes place in the 
winter months. Even during the summer this condition prevails for 
short periods, consequently the entire water column may be depleted 
of nutrients. In the Gulf of Maine a similar mixing occurs during the 
winter months and near Friday Harbor strong tidal currents and irregular 
topography contribute to intense vertical mixing throughout the year. 

For these and other reasons (such as the proximity to land) the 
annual variations in the plankton population and in the distribution 
of the nutrient elements characteristic of these individual localities can 
not be applied to other regions or to the open sea without a careful con- 
sideration of the different factors which may be involved. In areas 


Table 103 

WINTER MAXIMA AND SUMMER MINIMA IN NUTRIENT SALTS 
(Average for 0-25 meters. Units; /ig-atoms/liter.) 


Ijocaliiy 


NO 

.-N 

POg-P 

SiO^Si 

Ijatitude 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

English Channel 

50‘’N 

7. 

0 

0.55 

0 

4. 

0 

Friday Harbor* 

48*^ N 

25. 

15. 

2. 

1 . • 

57. 

42. 

Gulf of Maine 

4;rN 

12. 

2 

1. 

0.2 



South Georgia 

54"S 



1.7 

0.9 

30. 

5. 

Barents Sea I 

73"N 

i2.5 

1. 

0.63 

0 

j 



* Surface values only. 


such as the English Channel, where the nutrients arc more or less com- 
pletely removed from the water column during the summer, it is quite 
probable that the amount of production is related to the store of nutrient 
elements present at the beginning of the vegetative season. In localities 
where there are vertical gradients in the nutrient concentrations, diffusion 
and turbulence will carry a certain amount into the euphotic sone. Such 
processes are so effective in certidn areas, for instance near Friday Harbor, 
that plant development does not deplete the nutrients to a point where 
the amounts present can affect the rate of growth. In these areas 
other factors must limit the organic production (p. 769). In table 103 
are given, for a number of localities, the approximate averages for the 
contents of nitrate, phosphate and silicate in the upper 26 m at the times 
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of the winter mAxima and the summer minima. As shown previously, 
virtual depletion of the surface layers takes place in the English Channel 
and similar conditions occur in the Barents Sea, whereas at Friday Harbor 
(surface values only), in the Gulf of Maine and particularly around South 
Georgia, nutrient elements are present in the surface layers at all times. 

In order to estimate the rate of production in areas where there is no 
marked seasonal change in the distribution of nutrients, it is necessary 
to take into account the supply of these materials which will result from 
diffusion. Even in localities where thera is a marked seasonal change, 
estimates of production based on the removal of nutrients during the 
vegetative season must be corrected for this process or a layer of sufficient 
thickness to eliminate this factor must be used when calculating the total 
amount of any element removed from the water column. The latter 
method has been used at a number of localities to estimate the differences 

Table 104 

DIFFERENCE BETWEEN WINTER MAXIMUM AND SUMMER MINIMUM 
FOR THE WATER COLUMN 
(Units: grams of elements per square meter of surface.) 


Locality 

T^ength of 
water column 
(in) 

NOg-N 

9O4-V 

SiOg-Si 

Englis’i Channel ' 

1 75 : 

! 6.6 j 

1 1 

7.4 

Gulf of Maine . .... t . . 

1 100 ^ 

7 0 j 

1 2 

i 

South Georgia .... 

! 100 

1 

1 .0 1 

i 70 0 

Barents Sea | 

! 

1 200 ! 

! 

! n.o 

1 

1 9 1 

! 

1 

i 


in the amounts of the nutrient elements in the water column at the times 
of winter maxima and summer minima. From these data, the net 
utilization in grams per square meter column of NOrN, PO4-P and 
Si 03 -Si during the vegetative season have been obtained. The values 
are given in table 104. The net removal of nitrate and phosphate in the 
Barents Sea and around South Georgia is about twice as great as 
the utilization in the English Channel and in the Gulf of Maine. The 
great difference between the silicate utilization in the English Channel 
and around South Georgia is of interest in connection with the deposition 
of siliceous sediments. E^stimates of seasonal production based on data 
of this kind are minimal because they include no consideration of the 
effects of regeneration, that is, that the elements may pass through the 
biological cycle more than once during the season. Kreps and Verj- 
binskaya (1932) estimate that, in the Barents Sea, production, calculated 
from the phosphate utilization, should be increased by about one third 
to correct for the concurrent regeneration. 
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Many observations indicate a higher rate of organic producticoi in 
the hi|^ latitudes than in the tropics. This possibility is brought out 
clearly in fig. 260, from the Meteor observations, where the standing 
population in the Antarctic is about tenfold that in the tropical redone. 
The greater standing crop in high latitudes may not indicate a greater 
annual production because in high latitudes the production is concen- 
trated into a few months of vigorous and spectacular gprowth with reUim 
of sunshine or following nutrient replenishment over the winter, whereas 
in the lower latitudes the growth may proceed at a slower but more con- 
tinuous rate as nutrients become available. 

The marked cycle of meteorological events characteristic of temperate 
and high latitudes leads to a number of associated phenomena vital in 

LATITODE 



Fig. 250. The quantity of total plankton organisms in the upper 50 ni of high' 
and low-latitude waters of the South Atlantic. 


determining the periodicity and extent of organic production in these 
latitudes. The decrease of sunlight inhibits or diminishes growth during 
the darkest winter months and th*- low winter surface temperatures give 
rise to active convection currents effecting an abundant annual renewal 
of essential plant nutrients in the euphotic layer. In the Gulf of Maine 
these currents reach a depth of 100 m, and in shallower areas the whole 
column of water with its store of nutrients is involved in the mixing. 
Spr ing and summer conditions bring about a stabilization which, together 
with an ample supply of solar energy, provides the conditions essential 
for a vigorous though short period of production. Reference to the 
discussion of hydrographic conditions in the Antarctic will show that in 
that region the ascent of deep water near the Antarctic Continent brings 
to the surface waters an excessively rich supply of nutrients which, in 
moving toward the Antarctic Convergence (fig, 164, p, 620), give rise to 
a great flare of diatom production during the Antarctic spring and summer 
when sunshine is ample and the upper water layers have become stabilized 
through mal ting of northward-drifting ice (Hart, 1934). So great is the 
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supply of nutrients in the euphotic ssone that depletion of these salts never 
becomes a limiting factor, since the content never falls bdow a minimum 
of about 0.9 M*atom of PO 4 per liter. This leaves a summer minimum 
higher than the winter maximum of the English Channel. In the Ant- 
arctic the checks on production are not clearly understood, but they are 
perhaps associated with conditions of light and stability of the surface 
layers. The excessively dense messes which discolor the water (figs. 
214 and 216, pp. 784 and 786) must produce a screening of light that 
leads to regulation of photosynthesis. The large volumes of zooplankton 
occurring in this region must indicate that grazing is also an important 
factor in control. 

That plankton production is indeed great in the Antarctic in spite 
of the short season is proven by the invasion of large numbers of feeding 
whales which migrate each year to these waters to fatten on the rich 
supply of available food there. The bottom fauna of these areas is also 
unusually rich, as was found by the Challenger and other expeditions. 
That diatom production is perhaps even greater than its animal utilization 
during the maximum growing period is suggested by the accumulation 
of the broad band of diatomaceous ooze so characteristic of the bottom 
deposits encircling the Antarctic Continent (fig. 253, p. 975). Hart has 
pointed out, however, that the types of diatoms found in Ahese oozes 
belong largely to species which go unaltered through the digestive tracts 
of animals. 

As to production in lower^ latitudes we can say that in general the 
open sea is relatively sterile (figs. 214 and 216, pp. 7*84 and 786). Exam- 
inations of figs. 217 and 218, pp. 787 and 788, will show why this must 
be so, for the supply of nutrients lies below the euphotic zone and the 
strong and persistent thermal stratification of the water within this zone 
precludes any complete or rapid renewal of nutrients in the upper layers 
despite the greater thickness of the euphotic layer in tropical or sub- 
tropical regions. In coastal areas with upwelling or in offshore regions 
of divergence, the situation is quite different. As an example of the 
former we have already mentioned the west African coast (p. 786). We 
may consider also the Peru Current, which in the tropical and subtropical 
regions brings to the surface an abundant continuous supply of nutrients 
that provide fertilization for heavy phytoplankton production, near the 
coast mainly but also in some sections in almost undiminished intensity 
to a distance of 320 km seaward (Gunther, 1936). The great production 
of this oceanic system is manifest in the tremendous quantities of marine 
birds in this area. Some idea of the magnitude of production can be 
had from Schott’s report (1932) that on one small island of the Chinchas 
group there are estimated to be some five or six million marine birds, 
such as cormorants, pelicans, and gannets, which daily remove at lewt 
1000 tons of small fish from the surrounding water. The great Peruvian 
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guano depoeits on the shores of these regions may be as much as 30 m m 
thickness. 

In comparing the great productivity of the Peru Current with that 
of the Antarctic, it must be borne in mind that the latter S 3 rstem is one of 
very great geographic extent while the former, like other highly productive 
areas in lower latitudes, is more localised and to that degree of less general 
significance in the economy of the region as a whole. The greater fish- 
eries of the north and north temperate regions are in themselves indicative 
of great organic production and they have profoundly influenced the 
settlement of coastal areas by man. 

It should be mentioned that the question of relative production in 
high and low latitudes is still an open question. Some evidence points 
to a greater production in the latter than has been indicated by the various 
oceanographic expeditions whose data have been concerned mainly with 
the open sea. An example of subtropical production in a restricted 
area is offered by the investigations of the Great Barrier Reef Expedition. 

In using the zooplankton as an index of productivity, Russell (1934) 
concluded that the Great Barrier Reef lagoon was somewhat richer in 
numbers of plankton animals than all but one of five representative 
stations in the North Sea and the English Channel. Over two years the 
monthly average at these northern stations was 2815 animals per vertical 
haul with a 50-cm net, while a one-year investigation with a similar net, 
used in the same fashion in the Barrier Reef lagoon, showed the number 
of animals to be 5684 per haul. Usually copepods made up 70 per cent 
or more of the animals. In tropical regions cupepods are usually less 
than 1 mm in length, while in the north the most abundant species are 
over 1.5 min in length. When allowance is made for this small size and 
for a supposedly more rapid rate of metabolism for the tropical species, 
the conclubion is that the two areas are about equal in production of 
zooplankton The phytoplankton was always scanty in the Barrier 
Reef lagoon, however, and this appi^ars to be of special interest in indi- 
cating that the area wa^ supporting its maximal zooplankton population 
and that, because oi the even rate of phytoplankton production, no 
surplus of plants wa.s being produced as it is in higher latitudes during 
the height of the growing season. This equilibrium is of signific.ance 
also in the study of sedimentation, for it is in the high latitudes that the 
diatom oozes .are found. 

Recent studies indicate a need to consider more closely the significance 
of the vastly deeper euphotic zone of the tropical seas. In one investiga- 
tion (Riley, 1939) i^’ was. found, for example, that in stations of latitude 
about 40®N plant pigments were most abundant at the surface, the 
maximum depth of occurrence being 100 m, whereas at tropical and 
subtropical stations the pigments were most abundant at 100 m and at 
depths of 300 to 400 m. 
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Many mvestigations have indicated a lower production of phyto* 
plankton and sooplankton m the oceanic waters than in the neritic 
waters. The blueness of the waters of the open sea, as indicated in fig. 
214, p. 784, is correlated with this fact. This difference is what one 
would expect, since the ease of nutrient renewal both by water circulation 
and by runoff from land is all in favor of the coastal regions. The off- 
shore regions are favored, however, by a greater transparency of the 
water owing to the absence of suspended particles of terrigenous origin. 

In neritic areas, the diatoms form lasting spores that arc believed 
to be important in quickly '^seeding” the" waters when favorable condi- 
tions return. The oceanic flora depends upon survival of sporeless 
individuals to initiate the crop. This may at times result in a scarcity of 
suitable species to take advantage of the return of favorable conditions 
(see p. 770), but a limited nutrient supply is doubtless the main reason 
for low oceanic production. 
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CHAPTER XX 


Marine Sedimentation 


INTRODUCTION 

The sea floor, being the place of accumulation of solid detrital material 
of inorganic or organic origin, is virtually covered with unconsolidated 
sediments; therefore, the study of materials found on the sea bottom falls 
largely within the field of sedimentation, and the methods of investigation 
employed are those used in this branch of geology. Twenhofel ( 1926 ) 
has defined sedimentation as 

. . . including that portion of the metamorphio cycle from the separation 
of the particles from the parent rock, no matter what its origin or constitu- 
tion, to and including their consolidation into another rock. Sedimentation 
thus involves a consideration of the sources from which thcj^sediments are 
derived; the methods of transportation from the places of origin to those of 
deposition; the chemical and other changes taking place in the sediments 
from the times of their production to their ultimate consolidation; the 
climatic and other enviroiyjiental conditions prevailing at the places of origin, 
over the regions through which transportation takes place, and in the places 
of deposition; the structures developed in connection with deposition and 
consolidation; and the horizontal and vertical variations of the sediments. 

Marine sedinientation is therefore concerned with a wide range of prob- 
lems, some of which are more or less unique to the sea, while others are 
of more general character. This discussion will deal with the first group 
and particular emphasis will be placed upon the " oceanographic” aspects 
of marine sediments. The methods of studying the character and com- 
position of marine deposits are common to all types of sediments and, 
since readily available sources are cited in the text, will not be described 
here. 

The importance of investigations in marine sedimentation is obvious 
when it is realized that most of the rocks exposed at the surface of the 
earth are sedimentary deposits laid down under the sea. In order to 
interpret the past history of the earth from these structures, it is necessar}' 
to determine the character of the material now being deposited in different 
environments. As the consolidated sediments generally contain fossils, 
it is of equal importance to determine the biological associations under 
different conditions and the character of the organic materials that may 
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form ft pftrt of the sedimentftry record. An essentially prftctical problem 
is thftt of the petroleum industry. Since petroleum is formed from mftrine 
sediments, it is of the grefttest importftnce to determine the conditicms 
under which potential oil-producing sediments are laid down in order that 
the search for new fields may be prosecuted most successfully. 

A by-product of such studies as those mentioned above, but never- 
theless of the greatest importance, is the knowledge gained concerning the 
history of the earth and phases of geochemistry and geology. In order to 
reconstruct the geological history of the earth, it is essential to obtain 
information on the rate of sedimentation in the oceans and to determine, 
either directly or indirectly, the total thickness, and hence the amount, of 
sediments which have been deposited in the sea. Recent research has 
shown that the sediments found in the deep waters of the North Atlantic 
are stratified, and, as stratification is related to variations in the source 
of material and transportational agencies, many possibihties are sug- 
gested for obtaining a better understanding of the past history of the 
earth. The geochemist is concerned with the chemical composition of 
the sediments, as they differ from the ori^nal source rocks and thus 
show a redistribution of the various elements, and the geologist is inter- 
ested in the rate of sedimentation, as crustal movements may result 
from the changed distribution of mai». 

In addition, many problems concerning marine sediments are of 
immediate significance to other phases of oceanography. To name but a 
few examples, tlie biologist is interested in the associations of organisms 
foimd in different environments on the sea bottom and the remains 
which may be preserved m the sediments. The occurrence of certain 
types of organisms has actually been deduced from their skeletal renuuns 
in the sediments before they were found living in tlie sea. IHirthermore, 
the sea bottom is a zone of active breakdown of much of the detrital 
organic matter sinking to the bottom. From a study of the mechanisms 
controlling the transportation of b* iimentary material it is hoped that 
the character of the sediments may actually be used as a measure of 
the water movements over the bottom. 

The development of the studv of marine sediments has been rapid. 
•Sir John Murray is credited with the first intensive investigations, and his 
report on the ChaUenger material (Murray and Renard, 1891) set the 
pattern for many later investigations His work was largely descriptive, 
identifying the various constituents and considering the source of the 
material. More recently, as newer methods of study — microscopical, 
fthAmiftal, and physical— have been developed, the character of tiie 
investigations has changed. The X-ray technique has made posable 
the identification of the fine-grained crystalline material which had earlier 
been as amorphous” because it could not be recognised undmr 

the microscope. The question of precipitation and solution of calcium 
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carbonate (an important constituent of many sediments) has been 
clarified as a result of studies in chemical oceanography. A better 
imderstanding of the character of turbulent flow offers a more rational 
treatment of processes of transportation of sedimentary debris. The 
earlier investigations of marine sediments are discussed in the writings 
of Murray and his collaborators, and by Collet (1908), Cayeux (1931), 
and Andr^ (1920). More recent studies have been summarized in a 
symposium on Recent Marine Sediments (Trask, ed., 1939) and in the 
reports of the German Meteor Expedition (Correns et al, 1937) and other 
national expeditions. 

CONSTITUENTS OF MARINE SEDIMENTS 

Since any solid material denser than sea water and relatively insoluble 
may fall to the sea floor, a wide variety of substances from many sources 
contributes to the sediments and may be considered under six headings: 
(1) detrital material, largely of immediate terrigenous origin, (2) products 
of subaeiial and submarine volcanism, (3) skeletal remains of organisms 
and organic matter, (4) inorganic precipitates from sea water, (5) products 
of chemical transformation taking place in the sea, and (6) extraterrestrial 
materials. 

Terrigenous Material. Two processes are involved«in the break- 
down of terrigenous rocks of either igneous or sedimentary types. These 
are disintegration and decomposition. Disintegration is the mechanical 
breakdown of the rock intprSmaller fragments and does not necessarily 
involve any change in the cbmposition of the material. Decomposition 
involves chemical changes in the rock substances which are brought about 
by the action of water and air. Certain of the constituents are more 
soluble or more readily attacked and, hence, pass into solution and are 
carried away. The processes of weathering depend upon the character 
of the rock and the many aspects of the climatic conditions. Weathering 
depends upon the amount of rock surface exposed and, therefore, to a 
large degree upon the amount of disintegration which will increase the 
exposed rock surface (Twenhofel, 1932, 1939). 

The smaller the rock fragments the more likely they are to be carried 
to the sea, but actually those found in the sea vaiy from large boulders 
to particles of colloidal dimensions, so small that they cannot be identified 
under the microscope by the ordinary petrographic methods. The 
material found in the marine sediments varies from easily recognizable, 
chemically unaltered minerals, that is, the products of disintegration, to 
fine material which has undergone great changes in physical character- 
istics and chemical composition. In the first group belong the primary 
minerals, quartz, mica, feldspar, pyroxenes and amphiboles, and the 
heavy minerals. At the other extreme are the ultimate products of 



MAMNE SEDIMENTA1K)N 


949 


ch w ni c a t weAt^ering, such as clay minerals, free hydroxides iron, 
alumina, colloidal sihca, and material in various stages of transforma- 
tion. Thus, two processes must always be kept in mind in the study of 
mineral substances in marine sediments: first, the degree of disintegration 
as represented by the sise of the fragments, and second, the degree of 
weathering or decomposition as indicated by the absence of the more 
readily attacked substances and the presence of the ultimate products of 
chemical weathering. 

Pboductb of Volcanism. Two types of volcanism must be con- 
sidered, namely, subaerial and submarine. In both, essentially the 
same kinds of material may be ejected; but in the first case the volcanic 
ejecta will be subjected to mechanical and chemical weathering before 
reaching the sea. Volcanic material may be first deposited on the land 
and later transported to the sea by the action of running water, but the 
lighter and more finely divided fragments may be carried over the sea 
by the air. As a result of transport by winds, volcanic material may be 
depotited in relatively large amounts over a considerable area and, in 
fact, ash from single eruptions is thought to have encircled the whole 
world. Furthermore, pumice will float in the water for some time. 
Volcanic material may frequently be recognized by its physical or chem- 
ical characteristics, but it is virtually impossible to determine the per- 
centage of highly altered material which may have arisen from this source. 
The following types of unaltered material may occur: lava fragments, 
volcanic glass, pumice, and mineral grains. The greatest amounts 
of volcanic material are found near areas of volcanic activity and may 
give rise to a characteristic type of sediment. Certain parts of the sea 
floor are apparently covered with basaltic lava flows of relatively recent 
origin, cither bare or co\ red with a thin veneer of sediments. Sub- 
marine volcanism is probably rather common and in some localities 
sufficient material has ai cumulated to reach the sea surface and give 
rise to volcanic oceanic islands, hurther details of oceanic bottom 
topography will undoubtedly show tremendous numbers oi such “moun- 
tains” which do not reach the sea surface. 

Remains of Oboanisms. The hard skeletid structures of marine 
organisms are important constituents of marine sediments and certam 
types of deposits are almost entirely composed of the edeareous (calcium 
and Tnii.gii«»giiiin carbonate) or silic-H)iis (hydrated silica) remains of 
organisms. The skeletal structures are subject to mechanical dis- 
integration and chemical transformatimi, the latter generally related to 
solution. In Tnarina sediments calcareous or siliceous material may 
exist as oasily recognizable complete specimens, broken pieces stUl 
or at the other extreme, as a mass of small crystalline frag- 
ments of uncertain origin. The calcareous type of skeletal structures 
may be conveniently divided into two groups, plant and animid, and tiie 
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same subdivision may be made for the dliceous type. In chapter Vll 
the oompodHon of certain skeletal materials was presented (p. 231), 
and further data of a similar kind will be discussed later (p. 991). Two 
groups of plants contribute calcareous material to the sediments; (1) 
single-celled planktonic forms belonging to the Coccolithophoridae, whose 
tiny structures called coccoliths and rhabdoliths are found in large 
quantities in certiun deposits of the open sea, particularly in the Atlantic 
Ocean; and (2) the sessile calcareous algae wluch are particularly abim- 
dant at shallow depths in the warm waters of the lower latitudes. Cal- 
careous algae are important contributoi^ to the formation of coral reefs 
and in some areas are more abundant than the true corals. In some 
genera a definite skeleton is laid down having a specific form and struc- 
ture; in others the deposition of calcium carbonate is apparently incidental 
and is due to precipitation of CaCOs resulting from the removal of 
carbon dioxide from the water through photosynthesis (p. 208). 

Calcareous structures of animal origin are in general more abundant 
than those of plants. Many floating forms contribute to the sediments, 
but foraminifera are most important and deposits containing large pro- 
portions of them are known as globigerina oozes or muds The shells of 
planktonic mollusks, chiefly pteropods, are also abundant in certain 
regions. Pelagic animals also contribute to the sediments although 
never to the degree that the planktonic forms do The more resistant 
bony structures of fish and marine mammals are sometimes found, 
particularly the teeth of sharks and fish and the earbones of whales. 

The benthic animals,' ^specially those living in relatively shallow 
water, contribute a great deal of the calcareous material in the sediments. 
This is particularly true in the lower latitudes and in regions where there 
is little or no supply of terrigenous debris. In these cases the bottom 
material may be almost entirely calcareous and the remains of various 
groups of bottom-living animals may be represented, namely: fora- 
minifera, corals, worms, bryozoans, brachiopods, mollusks, echinoderms, 
arthropods, and vertebrates. 

Siliceous skeletal materials do not form so important a constitutent 
of sediments as calcareous structures, but m certain localities they occur 
in such quantities that the deposits are known by the predominant type, 
for example, diatom and radiolarian ooze. The only forms of plant 
life secreting silica are the microscopic diatoms, which grow only within 
the eupbotic layer either as free floating planktonic forms or in shallow 
water as benthic organisms. Diatoms are most abundant in h^ lati- 
tudes and in nearshore areas where upwelling or mixing b curative, and 
in such localities the frustules of certain of the forms may accumulate on 
the bottom so that the deposits are largely made up of them. SUica is 
also secreted by a group of protozoa, namely the radiolarians, whose 
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highly 0 Tnat 6 and complicated skeletons are sometimes abundant in 
marine sediments. Radiolarians are most numerous in lower latitudes, 
where so-called radiolarian oozes are sometimes found. Benthic animals, 
notably the sponges, secrete spicules of silica which are commonly found 
in the sediments but rarely in large amounts. 

In many ways the most important contribution of marine organisms is 
not the hard skeletal structures which may be preserved in the sediments, 
but the decomposable organic matter which is continually falling from 
above. Below the compensation depth (p. 779) the benthic animals and 
bacteria are dependent upon this supply of food from above. It may 
consist of entire plants or animals, faecal material, and fragments of 
partially decomposed organisms. In both the latter categories it may 
be expected that it represents the more resistant types of organic mate- 
rials originally forming a part of the living organisms. This is partic- 
ularly true of chitin-, cellulose-, or ligninlike substances which form part 
of the skeletal structures. The detrital organic matter contains carbon, 
hydrogen, oxygen, nitrogen, sulphur, phosphorus, and probably many 
other elements. The activity of the bacteria and bottom-living animals, 
particularly the mud-eaters, destroys much of this material and returns 
the constituent elements to solution in inorganic form. Marine sedi- 
ments contain from virtually zero to about 18 per cent organic matter, 
the amount present depending upon a number of factors which will be 
discussed later. The deepest parts of core samples and even fossil- 
bearing sedimentary rocks show the presence of organic matter, so that 
organic matter must be considered as a definite source of sedimentary 
material. An added interest to the problem of the supply and preserva- 
tion of organic matter is that it is the source of petroleum formed from 
marine sediments. Although it has been implied that &11 the decom- 
posable organic matter is of immediate marine origin, in certain localities 
such as in the Baltic Sea it is though t that a considerable proportion may 
be of terrigenous origin, representing the soil humus carried in by rivers. 

Inorganic Precipitatbs. Inorganic precipitates are formed when 
the solubility product of some substance is exceeded. The immediate 
products of organic activity are excluded although the conditions neces- 
sary for precipitation of some substances may result from metabolic 
processes. Supersaturation may be induced by physical agencies such 
as temperature changes, it may be aii&j<nated with the removal of carbon 
dioxide where photosynthesis occurs, or it may be related to changes in 
hydrogen-ion concentration or oxidation-reduction potential btou^rt 
about by the organisms. In addition, precipitation may result from 
evaporation in isolated lagoons and seas. 

TtiArg«Lfiii» precipitates are never abundant in marine sediments but 
they may form conspicuous and (tiagnostically important components. 
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The one exo^(>tkm to this statoaoent is caldum carbonate, which is 
apparently precipitated directly from sea water in sudi localities as the 
Bahama Burks (Smith, 1940). Dolomite is also thought to form directly 
in the sediments (p. 1027). Many of tiie deposits of amorphous silica in 
the sedimentary rocks are believed to have an inorganic marine origin 
(Twenhofel, 1939), but there is no evidence that such material is accumu- 
lating on the sea floor at the present time. Iron and manganese oxides, 
largely in tire form of concretions, are apparently the result of chemical 
precipitation (p. 1029 and p. 1031). Similarly, inorganic origin has been 
suggested for phosphatic and barite (BaS 04 ) nodules which occur in 
certain rirallow-water areas (p. 1033). Under reducing conditions where 
HiS is present in the sediment or overl 3 dng water, ferrous sulphide (hydro- 
troilite) may precipitate (Galliher, 1933). Thu may be the precursor of 
pyrite or marcasite. 

It is difficult to draw the boundaries between inorganic precipitates 
and those which are the direct result of biological activity and those 
materials which are considered to arise from the modification of minerals. 
Twuihofel (1939) has avoided this difficulty by considering them all as 
products of “chemical deposition.” 

Pboovctb of Chbmical Transformation. In this category are 
placed those substances which are formed by the interaction of sea water 
and solid particles. The interaction may be between the solid material 
and “normal” sea water or the reaction may be restricted to the inter- 
stitial water of the sediments where modified properties may exist (p. 995) 

It is difficult to designate^ many definite materials formed in this way, 
but undoubtedly such interactions occur, particularly when fre^ 
unweathered materials of volcanic oripn are brought in contact with 
sea water. Most detrital material carried to the sea has been subject to 
subaerial weathering, which is a continuous leaclung process. In the 
sea the environment is much more uniform and, hence, an equilibrium 
may readily be established. Little is known concerning the processes of 
submarine breakdown of either terrigenous or volcanic material. Among 
those substances which may be the result of or involved in such trans- 
formations are glauconite, phosphorite, feldspar (Twenhofel, 1939), 
phillipsite, and the clay minerals. 

Extraterrestrial Materials. In those marine sediments which 
accumulate at extremely slow rates, such as red clay, small black mag- 
netic qpherules and brown ciystalline qiherules are found. These are 
extremely rare and never form an appreciable part of the sediment. 
They were first discovered and described by Murray and Renard (1891). 
The black spherules are composed of iron or iron alloy and have diameters 
of about 0.2 mm. The brown t 3 rpe resemble the chondrite variety of 
meteorite and contain silicon. They commonly have a metallic luster 
and striated surface, and average about 0.6 nun in diameter. 
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TRANSPORTATION OF SEDIMENTARY DBRIS 
Transportation of Sodimont to Iho Soa 

Twenhofel (1932, 1939) discusses the following agencies which 
transport material to the sea: 

1. Bivers and streams cariying both particulate and dissolved 

material. 

2. Rainwash, dumping along river banks and sea coasts, and large- 

scale landslides. 

3. Shoreline erosion by waves. 

4. Glaciers and sea ice carrying rock fragments. 

5 . Biological activity which may also increase the transport by 

other agencies. 

6. Winds, which pick up large amounts of fine-grained debris from 

barren arid areas. 

7. Volcanic activity, which may discharge large amounts of fine- 

grained dust into the atmosphere. 

Materials transported by the first three agencies are broutd^t into 
the sea near the coast lines and the bulk is deposited near the coast, 
whereas material transported by the last four agencies may be carried to 
great distances from land before dropping to the sea bottom, and may 
therefore contribute significantly to the deep-sea deposits. These latter 
agencies will be discussed more fully. 

Transportation bt Ice. The transportation of sedimoitary 
debris by ice has been and still is extremely important in hi|^ latitudes. 
Glaciers carry large amounts of material which they erode from the land 
suriaAe, and in eo doing, mo^y the general topography. Olamtlon 
during the ice age has left its mark, on many areas now below eea level. 
Certain submarine topographical features, particularly around north- 
western Europe and northeasterr America, are attributed to i^aeiation. 
By the time of the ultimate retreat of the ice such quantities of debris 
had been deposited that the transportation by glaciers ^placed its stamp 
on the character of the sediments in many localities in hi^ latitudes. 

Contemporary glacier ice carries large amounts of sedimoit to the sea. 
Such material is characteriaed by a great range in rise, varying from 
enormous boulders to the finest mai'.rial formed by mechanical abrarion. 
The character of the debris will depend on the nature of the rock fonnar' 
tions over which the glacier passes. Icebergs carry with tiiem the 
enclosed rock material and, since they may float thousands of miles 
before meltmg, this material may be deposited at great distances from 
its source, and pebbles and boulders may be found in otherwise pelagie 
deposits far from land (Murray and Hjort, 1912; Bramlette and Bradlqy, 
1040). 
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Sea ice, that is, ke fonned in the sea, also plays a relatively important 
role in the transportation of sedimentary material. Thb is particularly 
true in the Arctic seas, where in large areas of tiiallow water the ice may 
fieese to the bottom in winter. When thawing commmioes, the melting 
takes place at the surface of the ice, which will tend to rise due to its 
buoyancy. In this way the enclosed sedimentary material may be lifted 
off the bottom and, as the ice breaks up, noay be transported to other 
localities where it will be released when the ice melts. The sea ice will 
tend to carry the rmsorted material, including shells or other remaiiu of 
organisms, from shallow water into deeper yater, and will therefore give 
rise to anomalous accumulations of remains of organisms and organic 
material (Twenhofel, 1939). 

Oboanic Raftino. a less tignificant amount of debris may be 
transported in the sea by the agency of buoyant organic material of both 
terrigenous and marine oii^. Trees and clumps of vegetation eroded 
during floods or by wave action may float great distances in the sea before 
decompotition releases the load of imbedded rock material or imtil the 
vegetation becomes waterlogged and sinks. Leaves, branches, and even 
entire terrigenous plant forms are sometimes found in marine deposits 
far from land. Marine algae with holdfasts may be tom loose and float 
away, canying rock fragments which may be deposited in deeper water 
(Emery and Tschudy, 1941). Benthic animals may cdhtribute to 
transportation, particularly by loosening and overturning the material 
on the sea bottom. Man has become an agency of transportation in the 
sea and the effects of his activitieB are not uncommon in certtun localities. 
Cinders and ash from coal-buming vessels are sometimes found in samples 
taken along steamer routes, as well as other refuse of such a character 
that it may be preserved in the sediments. Near shore, particularly in 
harbors, mateiW is moved by dredging activities and, indirectly, by the 
construction of piers and breakwaters. 

Transfobtation bt the Atmosphere. In the dispersal of terri- 
goious material the atmosphere undoubtedly plays an extremely impor- 
tant part. The materials that are carried by the winds over the sea 
consist mainly of volcanic dust ejected directiy into the air and of the 
particles that are swept up by the wind from the land surface. Wind 
erosion of the land is most ^ective in localities where high wind velocities 
occur and where the ground is not covered by a protective blanket of 
vegetation. Such areas are found in the high mountains and in desert 
regions and in semiarid regions where there is large-scale agricultural 
activity. The activities of man contribute also to the air-borne debris 
in many other ways which can be readily called to mind. Practically 
any type of organic or inorganic material may be carried by the winch 
if it is small enough. 
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Transportation of solid particles by the air is comparable to that in 
water, which will be discussed bdow. In general, the lowest wind 
vdocities are found near the ground and material swept up from tim 
ground must be lifted to considerable altitudes if it is to be carried over 
long distances. The material ejected by volcanoes is thrown directly to 
great altitudes where high velocities prevail and will therefore, in general, 
be transported for greater distances than dust which is picked up from 
the land surface. Consequently, volcanic material which has been at 
least partially mr-bome is world-wide in its distribution, althou^ in the 
vicinity of centers of volcanic activity it will be much more abundant and 
of somewhat coarser texture. 

Air-bome terrigenous dust is an imiK>rtant contributor to marine 
sediments where the prevmling winds are offshore and where they have a 
suitable source of material. In general there will be a progressive 
decrease in size of the air-bome material as the distance from the source is 
increased, because the larger particles drop out first. Extremely fine 
material which may remain in suspension almost indefinitely is pre- 
cipitated by rainfall or snow. The actual dispersal of sedimentary 
material originally air-bome may be extended by transportation in the 
water itself. Little is known concerning the rate of supply of air-bome 
terrigenous material to various localities, but data given by Twenhofel 
(1939) suggest that it may be relatively great. 

In certain localities the amount of material transported in the air 
over the sea is sometimes sufBcient to form dust clouds. For one such 
region off the west coast of Africa, Radezewski (1939) has summarized the 
existing knowledge of the effects of the aeolian material on the formation 
of the deep-sea sediments in this area. According to him the following 
types of grains could be identified in the dust collected from the air west 
of the African coast: quartz, feldspar, mica, organic siliceous remains, 
calcite, a gg regates of small particles, and other unidentifiable material. 
In this locality calcite, aggregates, mica, and quartz are the most abun- 
dant. All of these materials may fail to the sea bottom, where they will 
be mivftH iirith the water-borne debris and the remains of marine organ- 
isms. In sediment samples it is impossible to discriminate between the 
air- and water-borne material except in the case of a certain amount of 
the quartz grains. These are the so-called “ desert quartz ” grains coated 
with reddish iron oxides, and are characteristically aeolian material. 
Although the percentage of desert quartz in the original air-bome dust 
is not known, Radezewski determine their ratio to the total number of 
qumtz fragments in a number of samples coUected by the Meteor. These 
are referred to as *'desert quartz numbers” and are used as indices of the 
proportions of aeolian material in the different samples. In general, the 
amount decreases away from the coast and the size of the characteristic 
quartz grains <<iminighes with inorearing distance from the shore. 
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The eiee of the ur-bome particles in deepHsea aediin«its averages less 
than 15 microns but laq^er fraynents are quite abundant near the coast. 
Technical difficulties make it impossible to distingiiish aeolian material 
smaller than about 5 microns. 

Transportotion of Sediment in the Sea 

Settuno YsLoaTr. Sedimentary debris which has been trans- 
ported to the sea settles through the water and is at the same time carried 
laterally by currents of different types. The settling velocity of a sedi- 
mentary particle depends upon its speciJtc gravity, sise, and shape, and 
upon the specific gravity and viscosity of the water. Before considering 
the settling velocity of particles in the sea it is necessary to examine the 
simplest case, where it is assumed that only spheres are involved. The 
classical equation for the settling velocity of a sphere is that developed 
by Stokes: 

9 n 

where W is the settling velocity, pt and pt are the densities of the sphere 
and the liquid respectively, g is the acceleration of gravity, r is the radius 
of the sphere, and p is the dynamic viscosity of the liquid. All values 
are in the c.g.s. system. Stokes’ law has been tested and found to be 
valid for spherical particles settling in a uniform medium of relatively 
large extent. If the settling velocity b great — ^as may be the case if the 
spheres are large, the denraty difference large, or the viscosity small — 
turbulent motion is set up and the relationship is no longer valid Since 
we are conc^ed with settling velocities in water and with a relatively 
constant difference in density, it means that the relationship does not 
hold for large spheres. Krumbein and Pettijohn (1938) have reviewed 
the various expressions which have been developed either theoretically 
or empirically to express the relationship between the settling velocity 
and the size of larger spheres. The semiempirical relationship developed 
by Wadell covers the range with which we are concerned. This may 
be expressed as a correction to be applied to Stokes’ law and can be given 
in the following form (Krumbein and Pettijohn, 1938, p. 105) : 

where r, is the radius according to Stokes’ law and r. is the actual radius, 
and V, Is the actual settling velocity. In table 105 are shown the terms 
applied to particles of various diameters and the settlii^; yirioeity of 
quartz spheres (density 2.65) in distilled water at 20*’C (m 0.0101) 
of the inchoated dimensions according to Stokes’ law and for certain of 
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the laiser particles according to Wadell'a equation. It is readily seen 
that the effect of turbulence is to reduce the rate of fall. Stokes’ law 
can be considered valid for qiheres of diameters up to 62.5 microns. 
Individual sedimentary particles are of course far from spherical in 
shape, but if their settl^ velodties are measured their sise can be 
expressed as equwaUnt radii or equivalent diametere where these terms 
indicate the dimentions of quarts spheres having the same settling 
velocity. 

When mechanical anal 3 rses are made (see p. 969), the .sise-grade 
composition of a sediment is determined ti|i^ tieving and by determining 
the settling velocity of the smaller particles. In such an analytis it is 
customary to employ certain physical and chemical methods for sep- 
arating the individual particles which in the original sample may be 
cemented together or held somewhat more loosely by electrostatic or 
physical forces. This is particularly true of the clay and colloid material 
which is said to be coagulated or flocculated. Although the coarser 
material larger than about 15 microns may not be flocculated and will 
therefore settle with approximately the computed velocity, this is not 
true for the finer particles. Little is known concerning the state of 
aggregation of the clay and the colloid particles that are in suspension 
in the sea; however, studies by Gripenberg (1934) have shown that fine- 
grained material when mixed with sea water tends to flflcculate into 
units which settle with velocity equivalent to those of quartz spheres 
between about 5 and 15 microns in diameter, that is, they settle between 
1 m and 20 m per day. The flocculation is related to the composition 
of the clay minerals, particularly with respect to the exchangeable bases 
(p. 988) and also to the salt concentration of the water. It is probable 
that the flocculation is much retarded when the suspention of particles 
is extremely dilute. Studies of clay minerals have shown that the 
coagulation tends to increase the size of the units, hence to increase their 
settling velocity, but at the same time the coagulated particles carry 
with them a certain amount of the water, which reduces their effective 
density and therefore tends to slow them down. 

A certain amoimt of this extremely fine-grained material may be 
formed in the sea, but probably most of it comes from the land, where the 
agencies of mechanical and chemical weathering are much more effective. 
If this material did not find its way to the sea floor it is obvious that the 
oceans would ultimately become turbid with suspended particles. 
Measurements of the penetration of li^t in the sea show that finely 
suspended material is present everywhere in the surface layer of the 
sea (p. 88), but it does not seem reasonable that the average turbidity 
of the water is changing. Therefore, the rate of supply of material must 
equal the rate of deposition. Some of the problems of submarine geology 
are to determine the rate of deposition, the quantity of sedimentary 
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oiateri^ in auspaiaion in variouB areas of tiie eea, tibe settling vnlodty 
of this material, and the changes which it may undergo in the water or 
after it has reached the sea bottom. 

TnaNSFOBTATION OF SbTIXIKQ PaBTICLSS by OcBAW CoBBaSNTS. 
The effective settling velocities of sedimentary particles probably range 
from less than one meter per day to many thotisand meters per day. 
Coarse material which is brought to the sea near shore or which is released 
from icebergs or remains of plants at great distances from the coast will 
sink so fast that it is immediately deposited, but fine material witib ow**!! 
settling velocities may be carried for contiderable distances by currents. 
A particle 4 microns in diameter settles at a rate of about one meter per 
day (table 106), hence, may be carried about for many years before 
reaching the bottom. Such fine material may be introduced by rivers, 
may arise from wave action in shallow water, or may be derived from 
the remmns of planktonic organisms. The distance to which particles 
can be carried depends upon their settling velocity, the velocity of the 
current, and in some instances upon the turbulence associated with the 
motion. The turbulence will lead to high values of the vertical diffusion 
(p. 93). This great diffusion will have no effect on the settling of very 
small particles if they are distributed in such a manner that the net 
vertical transport by diffusion is zero but, depending upon the change 
of concentration and the change of eddy diffusion with depth, the diffu- 
sion may lead to a net upward or downward transport of particles which 
may decrease or increase downward transport by settling. So far, no 
data are available for examination of these conditions. 

Another important characteristic of the ocean currents is the presence 
of horizontal eddies which lead to large-scale horizontal mixing, which 
can be expressed as horizontal diffusion (p. 92). The horizontal diffu- 
sion is of importance near coasts where fine material is brought into 
the sea by rivers, wave action, wind, or other agencies. In coastal waters 
the great supply of fine material loads to a high concentration of sus- 
pended particles which by horizontal diffusion may be carried to con- 
siderable distances from the coast. In a steady state the amount of 
suspended material transported away from the coast by diffusion through 
a vertical pln-ne parallel to the coast must equal the amount supplied to 
the water ^tween the coast and the vertical plane minus what is deposited 
on the bottom inside of the vertical plane. On the basis of such con- 
siderations, Revelle and Shepard (1939) have shown how the finer 
material may be carried away from shore by the large-scide horizontal 
which occur off the southern California coast. They intiroduoed 
a velocity of 15 m per day which they consider to be that of 

"thorou^ily coagulated suspensions.” 

Tranbfobtation or Particlbs along thb Sea Bottom. Material 
thft t Betties toward the bottom is by no means always permanentiy 
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depodted vdwre it fiist reaches the bottom, bat may be carried along 
over great distances before it comes permanently to rest. DepowJUon 
is therdiore tiie excess of material reaching any area on the bottom over 
that carried away along the bottmn. This is of hnportance to beu in 
mind, because t^ presence of certain types of sediment in any given 
locality does not always indicate that the sediment of this type is being 
deporited. There may be no net deposition; erodon may evmi take place. 
In each instance the factors operating in transporting material along 
the bottom have to be considered. These factors are primarily (1) 
mass movement of unconsolidated sedinisnts by mud flows and slides on 
submurine slopes, (2) sliding, rolling, or saltation caused by the tractive 
force of bottom currents, and (3) the effect of the turbulence, which will 
place fine material in suspension such that it can be distributed laterally 
by diffusion or currents. 

Mud flows represent movement of tmconsolidated material that has 
accumulated on a slope and are not necessarily associated with uiy 
movement of the overlying water. Owing to instability or to a stimulus 
such as may be caused by seismic activity, the material begins to slide 
down the slope. There is some evidence that mud flows are relatively 
common on steep slopes and it has been suggested that they are of impor- 
tance as an i^ncy which removes accumulated sediments from sub- 
marine canyons. They are most likely to occur in areas ^ere sediments 
are accumulating rapidly on relatively steep slopes, hence they may 
occur on the continental slope and on insular slopes. The angle of 
repose of unconsolidated ntorine sediments is not known. It is thought 
that mud flows can take place where the slope is only about one degree, 
but this does not imply that slopes of greater angle are always devoid of 
unconsolidated material. 

Transportation by mud flows tends to break down stratification that 
may have developed in the deposit, and may result in the accumulation 
of rather coarse and unsorted material in deep water. Furthermore, 
mud fiowB may carry organisms and their skeletal remiuns into environ- 
m^ts where they could not have developed, thereby leading to complica- 
tions in interpretation of the environmental conditions from the study 
of the organic constituents of a deposit. There is very little direct 
evidence of the occurrence of mud flows in the seas, consequently it is as 
yet impossible to determine their importance as transporting agencies. 
The status of present knowledge is discussed by Twenhofel (1939). 

In rivers the motion of individual particles along the bottom is 
described as sUding, rolling, and saltation (HjulstrSm, 1939). Sliding 
does not often take place, but rolling and saltation (wluch is a jumping 
motion) are common forms of transportation. Nothing is known a^t 
the extent to which such transportation takes place along the sea bottom, 
but certain indications can be obtained by application of results of river 
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studieB. HjulstzOm has prepared a diacram (fig. 261) in is mdi- 
Gated the manner in whi<*, under certain specified erosion, 

transportation, and deposition are related to the average velocity a^oss 
a transverse profile of a river and the particle dae. The part of Hjul- 
strSm’s diagram relating to particles smdler than 0.01 mm will not be 
considered because such fine particles will be carried mainly in suspension 
(p. 966). The curve marke d A follows the minimum average velodities 
which are required for eroding uniform material of the various parthde 



Fig 261. Relationship between average current velocity in a nver and 
sediments of uniform texture showing velocities necessaiy for erosion, trans- 
portation, or deposition (From Hjulstrom, 1030, m Recent Marine 8ed*- 
menu, edited by Parker D Traak and publidied by the American Aasoma- 
tion of Petroleum Geologists, Tulsa, Oklahoma.) 


sizes and represents therefore a limiting velocity which is called the 
eroding velocity. Similarly, the curve marked B follows the minunum 
average velocities which are required for transporting uniform material 
of the various particle siaes. The diagram brings out the fact that mate- 
rial of particle rise about 0.5 mm (medium sand) is the earnest to erode, 
requiring an eroding velocity of less than 20 cm/sec. The ero^g 
velocity increases rapidly for larger particle size, reaching 100 em/sec 
for a size of about 8 ram. The eroding velocity also increases for smaller 
particles, reaching 60 em/sec for a sise of 0.01 mm (10 microns). Par* 
tides of die 0.5 nun (medium sand) are transported at velodties 
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betweoi 4 cm/gee and 20 m/m and part^dea of giie 10 mm are trane- 
pwted at v^hdes between 70 m/m and 110 m/m. 

Applying these results from rivers to tire problem of transportation 
along the sea bottom by sliding, rolling, and saltation, it must be borne in 
mind that in fig. 251 the velocity represents the mrage velocity across 
a transverse profile of a river and that tiie velocity at the bottom is 
onaller. It may perhaps be assumed that the “average velocities” 
correspond to those occurring a few meters above the sea bottom. Tak- 
ing into account the fact that high velocities near the sea bottom are 
commcm in shallow water only, it can be'^nsidered probable that erodmg 
velocities and transportation along the bottom of coarser material, say, 
particles with diameters greater than 2 to 3 mm, occur only in shallow 
water, but that in regions of deep currents similar transportation of fine 
sand and silty sand may occur at depths of several thousand meters. 
Sediment collections made by the E. W. Serippt off the coast of Cali- 
fornia and in the Gulf of California appear to bear out such conten- 
tions except where coarse material has been found in the bottom of 
submarine canyons and on banks. The latter occurrence may be related 
to former emergence. 

It should be added that on a slope alternating currents will lead to 
net downward transport of sediments because gravity will facilitate a 
downward and counteract an upward transport. * 

Transportation of particles in suspension near the bottom is often 
conadered together with sliding, rolling, and saltation because the 
transition from one fonu'^ another is probably a gradual one. The 
essential difference is that material in suspension can be carried in a 
short time over much longer distances. 

Nothing isjoiown as to the amount or character of material in sus- 
pension near the bottom under varying conditions, but an approach to 
the problem can be made by application of results from laboratory 
studies on the characteristics of turbulent flow. Such results have been 
applied to the problem of transportation in rivers (Rouse, 1938), but 
certain modifications are necessary when dealing with transportation 
near the sea bottom. The basic concept is that where turbulence exists 
a current can carry a load of suspended particles that is determined by 
the condition that the downward transport by settling must equal the 
upward transport by eddy diffusion. The downward transport by 
settling equals WS where! If is the settling velocity and 5 is the concen- 
tration of suspended particles expressed as mass per unit volume of 

dS 

water. The upwards tnmqmrt by eddy diffurion equals ~ 

(see p. 116) where D is the coefficient of eddy diffurion and dS/dz is tiie 
concentration gradient (s is measured positive upwards). The concen- 
tration of suspended particles is therefore detmnined by the equation 
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If the stability of the stratification is very small it may be assumed 
that near the bottom the eddy diffusion equals the kinematic eddy 
viscosity, that is, D A/p where A is the dynamic eddy viscosity (p. 
483). When dealing with currents near the sea bottom it can further- 
more be assumed that in the lowest layers of the water the shearing 
stress is independent of the distance from the bottom and equals the 
stress against the bottom. This stress is (p. 479) 


Therefore, 


T 



= constant. 


T 


D 


dz 


Substituting this value one obtains the equation 



which, integrated, gives 

W 

log^*= -2.303p ^ - ro), 

where the factor 2.303 enters so that base-10 logarithms can be used 
instead of natural logarithms. 

In order to make use of this general formula, specific assumptions 
must be made as to the variation of the eddy viscosity with increasing 
distance from the bottom and as b* the value of the velocity at the bottom, 
Co. Before doing so it is necessaxy, however, to point out one principal 
difficulty that is encountered when attacking the problem in this manner, 
namely, that the theoretical approach leads only to relative values of the 
concentration of particles in suspension and not to absolute values. 
Actually, the mechanism which brings the particles into suspension is 
not clearly understood. It appears that if laminar flow exists along the 
bottom, that is, if the bottom i-. hydrodynamically smooth (p. 479), 
no forces are present which can Umist particles upwards. Upward 
thrusts probably occur only if the txurbulence reaches to the very bottom, 
as is the case if the bottom is hydrodynamically rou{^. Where l a m i n a r 
flow is found over a smooth bottom, the velocity is always seio at the 
bottom and the stress exerted on the bottom varies in time only if the 
velocity gradient in the laminar botmdaiy layer varies. If, on the other 
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luutd, tile surface is tou^ and the flow is turbulent akn^ the bottom, 
the level at which the average velodty is aero is a fictitious level genendly 
assumed to pass throu^ the deeper or deepest depressions in the bottom. 
At any distance above this level a certiun average velocity is found 
depending upon the state of turbulence, but tills average velocity is 
subject to great local variations and the instantaneous vtiocity gradients 
ue subject to nmilar great variations. Jeffreys (in Cornish, 1934) has 
pointed out that where the velocity decreases in a horizontal direction 
the pressure will be greatest, according to Bernoulli’s theorem, where 
the velocity is small in proportion to ti>e velocity gradient. Hence, 
small particles may be lifted by the upvrard thrust beneath them and 
may either immediately drop back, in which case saltation takes place, 
or may remain in suspention for a long time. However, the absolute 
amount of material in suspension at any depth cannot be estimated on a 
theoretical basis. 

Some idea as to the size or the equivalent diameter of particles in 
suspension can be obtained by assuming that the bottom is hydro- 
dynamically rough. In this case (p. 479), 

»o = 0 and A = hop ^^(z + *o) 


where kt <= 0.4 is a numerical constant (von K4rm4n’s constant), and 
where zo is the “roughness length” of the surface which, according to 
Prandtl (1932), may be about of the vertical dimention of the irregu- 
larities of the Mtom. Furthermore, 


2.303 log — - 


and therefore, 



1 

2.303 


log 


g + Zo 
go 


kt 


F 


If the friction 
simpler form 


velocity, v = 


is introduced the formula takes the 



kt V) ° zo 


In fig. 252 are shown two series of curves, one giving the distributions 
suspended particles of different diameters at a velocity of 10 cm/sec 
at 2 m above the bottom, assuming the roughness lengtii of the bottom 
to be 0.2 cm; the other giving corresponding cfistributions, assuming the 
KMi^ess length of the bottom to be 2 cm. 
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If these results ere applicable to eoncUtions near the sea bottom, mm 
should expect that (1) very fine sand, silt, and day can be present in 
suspension near the bottom, (2) the dse of the particles in 8uq;>endon 
depends upon the velodty of the current near the bottom and the rough- 
ness of the bottom, (3) the greater the velocity and the greater the 
roughness toe larger are the suspended particles, and (4) the coarseness 
of toe suspended material decreases rapi^y with increasing distance from 
the bottom, provided that material of different particle sises is present on 
the bottom. 

In shallow water, currents of all types can bring particles into sus- 
pension. The periodic currents such as tidal currents and currents 
associated with seiches (p. 538) or tsunamis (p. 544) are probably the 
strongest; but besides these, permanent currents reaching to the bottom 



Fig. 252. Theoretical distribution of particles of indicated diameters (l^e to 
Hss over the bottom when the velocity at 2 ra above the bottom is 10 cm/sec 
and the roughness length is 0.2 cm and 2.0 cm. * 

may exist which will carry the suspended material away. The smaller 
particles can toen accumulate only where the deposition is greater than 
the transportation. This may be the case in shadow areas to which the 
supply of fine material is gyeat, for example, the Mississippi Delta, or 
in depressions out of which no fine material is transported, for example 
those off the coast of southern California (fig. 264, p. 1025), or in land- 
locked fjords. 

In deep water, tidal currents are weak, but currents associated with 
internal waves (p. 590) may have Appreciable velocities near the bottom. 
The permanent currents are very weak but no matter how weak they are 
they will transport material, which can accumulate, therefore, only 
where toe permanent currents practically vanish, that is, in the deeper 
parts of ocean basins. A mechanism thus exists which wUl tend to 
sweep all finer nmterial away from submarine ridges and peaks and will 
lead to of this material in the ocean banns regardless of 
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whether they are small or large deprescdons. This medumum 
leads to a sorting of the material. In some redone fine sand may be 
depofflted because the velocities of the currents which carry the particles 
may decrease, Pereas silt may remain in suspension and may be 
depomted elsewhere. The mechanism of transportation which has been 
described is so far hypothetical, but studies of the distribution of sedi* 
ments strongly indicate that a mechanism of this character operates. 

ErrscTs of TnANSPOBTATioif. The effects of transportation by the 
various agencies outlined above can be considered from two points of 
view. One can examine what happena to^the shape, sise, and composi- 
tion of individual particles during transportation in the sea, or one can 
examine the net effect of transporting agencies upon the distribution of 
sediments. As in other aspects of sedimentation, it is impossible to do 
more than indicate the general character of the effects because they have 
not yet been studied sufficiently to afford any quantitative data. Fur- 
thermore, the physical or chemical characteristics which may be used as 
indices of the magnitude of transformation have not been generally 
applied to the study of marine sediments although the methods have 
been developed (Krumbein and Pettijohn, 1938). 

The effects of transportation upon individual particles may modify 
their size, shape, and composition. In some cases the^ize may be 
increased by, say, the precipitation of calcium carbonate, but in general, 
transportation will tend to reduce the dimensions of solid material. 
Such breakdown may be the result of mechanical or chemical processes 
and generally both will b^ .active. Impact or, abrasion may lead to 
mechanical disintegration and solution, or interaction of the dissolved 
substances with the solid particles may tend to a reduction in size. 
These processes may influence not only the size of the particles but also 
their shape. Fracturing will reduce the size and give rise to angular 
fragments, whereas abrasion will generally tend to roimd off the sharp 
edges and comers. A distinction is drawn between the sphericity of 
particles, that is, their approach to true spherical form, and the roundness 
which is a measure of the smoothing away of edges and comers. 

The size and shape of individual particles are not only indicative of 
the character of the transporting agencies and source of material but 
will also determine many of the properties of the sediment, for example 
the water content and cohesive properties of the material when wet and 
when dry and, for larger particles, the character of the orientation and 
hence the bedding of the individual grains. 

The composition of the particles may be affected by the wearing away 
of the softer or less cohesive material by mechanical agencies or by the 
solution of the more soluble or more readily attacked portions by chemical 
processes. Such changes may be determined by exanunation under the 
petrographic microscope or by certain chemicsd or physical tests. 
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If W6 consider the relative effectiveness of various transporting 
agencies in affecting the tise, shapes and composition of sedimentary 
material it is obvious that mechanical breakdo'wn is most likely to occur 
in material moved over the sea bottom by rolling and saltation. Meehan- 
ical wear will be most rapid where particles are thrown together violently 
and repeatedly. In the sea such conditions are found in shallow vra/beac, 
where currents are strong and where the wave action extends to the 
bottom. The extent to which chemical weathering may act in the sea 
is not known, but because of the high surface : volume ratio it is undoubt- 
edly effective on small particles and wiU be a function of the time of 
exposure rather than the character of the transporting agency. The 
progressive change in the character of material transported by a given 
agency depends upon the character of the source material, the changes in 
competency of the transporting agency, and the material itself and that 
forming the sea bottom. This general statement applies only to trans- 
portation in the water by saltation or rollmg over the sea floor, as in all 
other agencies one or more of the variables are eliminated. 

The characteristics of wind-borne material will be largely determined 
before it reaches the sea and are therefore outside the problem under 
consideration. The same is generally true of river-borne debris. Dis- 
cussions of the processes of transformation associated with transportation 
are given by Twenhofel (1932 1939) and Russell (1939), and the methods 
of determining the properties of individual grains are given by Krumbein 
and Pettijohn (1938). 

AAASS PROPERTIES OF MARINE SEDIMENTS 

The mass properties of sediments are the summation of those of the 
component grains. Because of the variety in siso and composition of the 
ultimate particles, the mass properties are not clear-cut and in some cases 
statistical methods must be used to express them. Three of the mass 
properties, namely, color, texture, and composition, are used for the 
ftloMififtittifin of marine sediments. The advantages of such a system 
are that preliminary examination in the field, by visual examination 
and from the feel of the sample when rubbed between the fingers, enables 
an experienced observer to classify the sample correctly Besides being 
useful to defflgnate the type of sediment, these properties pve certain 
indications as to the source of the constituent material (particularly the 
grains large enough to be recognised with a hand lens), the effective 
transporting agencies, and the conditions tn titu, 

Cou>B OF Mabinb Sbdimxnts. The color of a recent marine sedi- 
ment depends upon the following factors: (1) whether the sample is wet 
or dry, (2) tiie primary color of the larger grains, (8) the state of divin<m 
(rise) of the constituent particles, (4) the state of oxidation or reduction 
of the iron, and (5) the amount of decomposable organic matter. 
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Because the coltnr may be affected by the moisture content and the 
oxidation-reduction potential may be modified by bacterial activity after 
the sample is collected, the color should be noted soon after the material 
has been obtfuned. In order to eliminate as far as possible the subjective 
element in judging color when an accurate estimate is desirable, a 
standard color chart such as that prepared by Ridgway (1912) should be 
employed. 

The color of the individual grains is particularly important in sedi- 
ments containing a relatively large prc^rtion of material coarser than 
silt. Finely divided material may have an “apparent" color which 
depends upon the state of division. In many ways the oxidation- 
reduction potential in the sediment is probably the most important factor 
controlling the color. When conditions are such that the potential is 
oxidizing for iron, reddish or brown oxides are formed. This is the 
condition which will normally prevail in the presence of free oxygen. 
When there is a relatively abundant supply of organic material, bacterial 
activity may use up all the available oxygen and establish highly reducing 
conditions. If hydrogen sulphide is produced, black iron sulphides may 
be formed. Intermediate stages in the oxidation or reduction of the 
iron may possibly produce the greenish and bluish colors characteristic 
of many near-shore deposits. Although the state of oxic^tion or reduc- 
tion of the iron has been considered as the most important factor in 
determining the color, particularly of fine-grained sediments, the problem 
is not yet solved, as the sediments tend to retain their color even when 
treated in various ways ih the laboratory. 

Marine sediments vary from white through gray to black, with the 
addition of various amounts of yellow, red, blue, or combinations of these 
colors. White sediments and, in general, those of light colors are rela- 
tively coarse-grsdned and composed of quartz or limestone. The grays 
may be due to the presence of black minerals or authigenic ircm and 
manganese grains. Black deposits are typical of stagnant conditions 
that may prevail in basins, fjords, and other isolated environments. 

Coarse-grained sediments will generally show the color of the con- 
stituent grains. As the greatest part of the sea floor is covered with 
fine-grained sediments, it is of interest to note the character of the mate- 
rial brought to the sea. Bivei^bome debris is generally yellow, red, 
or brown, and in areas where the deposition is rapid, as off the mouths of 
large rivers, the sediments are essentially the same color as the source 
material and are often referred to as red muds. Along most coasts 
where the depotits are predominantly terrigenous, the sediments are 
generally green or olive green. Hence, there seems to be some change 
in the color of the terrigenous material that is probably associated with 
the oxidation-reduction potential in the enviroiunent of deposition. 
Further offtiiore the gremish or bluitir muds pass gradually into the 
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extremely fine-grained clays of the deep sea, which are generally reddish 
or brown in color, or into the light-colored organic sediments, which are 
largely composed of skeletons of planktonic organisms. T!he reddish 
tint of these deposits is thought to be related to the state of oxidation of 
the iron. Because of the slow deposition and the relative scarcity of 
decomposable organic matter the sediment is oxidized. 

Both the absolute and the relative rates of deposition of decomposable 
organic matter and of organic skeletal structures and inorganic debris 
may be important in determining the color of a deposit. It is a char- 
acteristic property of many terrigenous deposits that the upper few 
millimeters are of a browner tint than the underlying material. This may 
be due to the fact that the supply of oxygen is much greater at the 
surface and that the oxidation-reduction potential is not as low as it is 
in the buried material. Lamination or stratification of the sediments in 
core samples may frequently be recognized by color differences. Such 
structures can generally be confirmed by studies of the texture or of the 
organic-matter content. The darker bands usually contain more 
organic matter. 

The organic-matter content of marine sediments varies from easen- 
tially zero to more than 15 per cent. Samples containing large quantities 
may actually be darkened by the presence of the black or brownish 
organic detritus. Fox and Anderson (1941) have shown that organic 
pigments can be extracted from certain terrigenous muds. 

Color is therefore a useful chtiracter in classifying marine sediments 
because it tells something of the source of the material, particularly 
of the coarse-grained portions, and of the conditions of deposition. If 
the depth and distance from shore are known, certain conclusions may 
be drawn as to the relative and absolute rates of deposition of decom- 
posable organic matter and of the inert constituents and as to the oxida- 
tion-reduction potential prevailing in the sediments. 

Texture of Marine Sediments. Depending upon their texture, 
marine sediments may be subdivided into gravels, sands, silts, muds, 
clays, or intermediate types (p. 972). The proportions of larger grains 
may be estimated visually or judged by rubbing the material between 
the fingers. An experienced observer is able to classify a sample in this 
way very easily. "When an accurate knowledge of the particle— size 
distribution is required, laboratory tests must be made by methods such 
as those described by Krumbein and Fettijohn (1938) and by Gripenberg 
(1939b). 

The particles in a marine sediment may cover a wide range in size. 
In general, there are no sharp limits to the Mzes of the constituent grains, 
and as a result it is necessary to employ certain conventionalized methods 
for the or for the graphical presentation of data of tins type. 

In practice, it is impossible to determine the size of each individual grain 
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and therefote the quantities (usually wei^ts) of material in certain 
definite rise groupings are determined. A number of such siae-grade 
olasrifications have been suggested (see Erumbein and Pettijohn, 1938), 
but those given in table 105 are the most conunonly used. The fractions 
of diameter greater than 0.062 mm are usually determined by sieving after 
the sample has been suitably prepared for examination, namely, by 
destroying the organic matter and by dispersing the finer grades. The 
sise-grade distribution in the fine material is then determined by meas- 
urements of the settling velocities. 

The data on size-grade distribution inay be graphed in various ways. 
The two most common forms are histograms and cumulative curves. 
Because of the range in particle size usually encountered and for other 
reasons, it is convenient to plot histograms and cumulative curves 
showing the percentage weight frequency against the logarithm of the 
equivalent diameter. In figs. 254 and 255 (pp. 980, 981), comparable data 
are represented in these two ways By convention, the smaller grade 
sizes are always on the right-hand side of the diagram. The heights of 
the columns in the histograms show the weight frequency or percentage 
represented by the individual size grades. The cumulative curve is 
obtained by successive addition of the material in the different grades 
and shows directly the percentage by weight of material greater or less 
than any designated size. * 

Krumbein and Pettijohn (1938) and Krumbein (1939) have discussed 
the statistical significance of size-grade distribution data. Certain 
values which can be obtained directly from the cumulative curve for an 
individual sample are commonly used to characterize the general size 
and the sorting of the sediment. These are: 

(1) The median diameter (Mt) which represents the diameter which 
in the individual sample has 50 per cent by weight of material of smaller 
and larger equivalent diameters. 

(2) The first (Qi) and third (Pi) quartile diameters. The first 
quartile diameter has 25 per cent smaller and 75 per cent larger diameter 
and the third quartile has 75 per cent smaller and 25 per cent larger. 
The difference in the quartile diameters indicates the range covered by 
the middle 50 per cent of the material, but tells nothing of the coarser 
and finer quarters. 

(3) The sorting coefficient (/So) is a measure of the degree of sorting 
and is defined as 

So = 

The value of So will approach unity as the material becomes more uniform 
in size. Trask (1932) found that values of So less than 2.5 indicated 
well-sorted material with about 3.0 as the average for marine seffiments. 
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When So is gre&ter than 4.5, the sediment is conadered to be pootiy 
sorted. 

(4) The asymmetry of the distribution about the median is 
as the skewness {Sk"). The skewness may be defined as 

^ ■ M‘- 

When the size-frequency distribution curve is symmetrical the value of 
Sk IS unity, but the values may range from less than unity to larger 
figures which indicate that the distribution is skewed either towards the 
finer or the coarser sizes. 

The statistical expressions given above are those recommended by 
Krumbein and Pettijohn (1938) and may differ from somewhat similar 
terms employed by other workers. 

It will be seen that the median and the first and third quartile diam- 
eters and the sorting coefficient and the skewness are introduced in 
order to obtain simple figures to express certain features of the size-grade 
distribution. It is unfortunate that these expressions do not take into 
account the coarse and fine material lying beyond the limits of the first 
and third quartiles. This drawback is particularly applicable as con- 
cerns the coarser material, which may be diagnostic as to the effective 
transporting agencies. The finer material is not of such interest as it is 
more cosmopolitan in its dLtribution. 

Composition op Marine Sediments. The composition of a sedi- 
ment may be presented in various ways and a wide variety of techniques 
may be employed to determine it. In general, “composition” is used 
to indicate one of the mass properties, it may be the size-grade distribu- 
tion discussed above, the chemical composition, or the, percentage of 
different types of organic remains or minerals. On the other hand, 
interest may be centered upon some fraction of the sample, such as the 
heavy minerals or the decomposable organic matter, or upon some sin^e 
chemical element. The composition is of interest because it is a way of 
determining the sources of the various constituents and the proportions 
in which they are present. Furthermore, it offers a means of determining 
the effects of chemical weathering and of identifjdng authigenic minerals. 

In the field the composition of the larger grains may be determined 
by visual examination which may tell whether they are predo min a n tly 
organic and if so, of what type, or whether they are minerals of volcanic, 
terrigenous, or authigenic nature. From such observations, in combina- 
tion with the color and texture, the sediment may be clasMfied. In the 
laboratory, examination under the microscope makes it possible to 
identify many more of the grains down to sizes of approximately two 
microns. Below this grade it is necessary to employ chemical analyses, 
X-ray analyses, or some other method to determine tiie character and 
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compot&tioa of the sample. Mieroseopical studies may also be made to 
determine tiie sise, shape, and surface characteristics of the mdividual 
grains. Obviously, if the individual grains can be identified it is possible 
to estimate the chemical composition, or if the chemical data are available, 
some conclusions can be drawn as to the character of the source material. 

Complete chemical analyses are difficult and are rarely carried out. 
Much more frequently, determinations of one or more diagnosti's elements 
are made, for example, of calcium carbonate, or organic nitrogen as a 
measure of the organic matter. 

CLASSinCATION OF RECENT MARINE SEDIMB4TS 

Marine deposits are subdivided into two major groups, termed pelagus 
and terrigenous. The pelagic deposits are those found in deep water far 
from shore and may be predominantly either organic or inorganic in 
origin. Pelagic deporits are light-colored, reddish or brown, fine-grained 
and, generally, they contain some skeletal remains of plankton organisms. 
Benthic forms are generally rare. The inorganic deposits are referred to 
as red clay and the organic deposits as ootes. The terrigenous deposits 
are found near shore and generally contain at least some coarse material 
of terrigenous origin. They cover a wide range in depth and a great 
variation in color, texture, and composition. They ^re known as 
sands, silts, muds, or intergrading types, depending upon their texture. 
Although they may have median diameters as small as certain pelagic 
deposits, the terms clay and ooze are never applied to terrigenous 
deposits. Nearshore sedfinents may contain remains of plankton forms 
but, in addition, skeletons of benthic organisms may be relatively 
abundant. In certain regions the deporits may be almost entirely made 
up of the fragments of certain calcareous benthic forms. 

Pelagic deposits are classified in the following way: 

I. Inorganic deposits. Those which contain less than 30 per cent 
of organic remains are known as red clay. 

II. Organic deposits. Those which contain more than 30 per cent 
of material of organic ori^ are known as oozes. This class is 
further subdivided into: 

1. Calcareous oozes. These contain more than 30 per cent 
calcium carbonate, which represents the skdetal material of 
various plankton animals and plants. The calcareous 
oozes may be further divided into three types, depending 
upon a characteristic type of organism present in the 
sediment, namely: 

a. GUhigerina ooze, in which the calcium carbonate is in 
the tests of pelagic foraminifera. 

b. Pteropod ooze, containing oonqncuous shells of pelagic 
molluscs. 
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e. CoeecHlh oote, containing large numbers of ooeoolilbs 
and rhabdoliths that form the protective structures of 
the minute Coccolithojdioridae. 

2. SiUeeotts oozes. These are pelagic deposits which contain 
a large percentage of siliceous skeletal material produced by 
planktonic plants and animals. The siliceous ooies are 
subdivided into two types on the basis of the predominance 
of the forms represented, namely, 

a. Diaiom ooze, containing large amounts of diatom 
frustules, hence, produced by plankton plants. 

b. Radtolarian ooze, containing large proportions of radio* 
larian skeletons formed by these plankton animals. 

The classification of terrigenous deposits is not so satisfactory as that 
of the pelagic sediments. A number of systems have been suggested, 
but the character of the deposits depends so much upon local conditions 
that no one system has very wide application. Aelative to the pelagic 
deposits, terrigenous sediments cover a small percentage of the sea floor, 
and since they show a wide range in properties within a relatively short 
distance from the coast the occurrence of transitional types is more of a 
problem. As pointed out in the discussion of mass properties, color, 
texture, and composition form the basis of the classification. Hence it is 
desirable to indicate the terms applied to terrigenous deposits rather 
than set up any definite outline of classification. 

The color of terrigenous deposits may range from white to black with 
the addition of blue, yellow, or red, or mixtures of these. In general, 
sediments of the shelves and slopes are dark in color, ranging from green 
or brown to blue The color depends so much on the local environment 
that it may vary a great deal in a relatively short distance over the 
bottom, or with depth in the deposit. 

Terrigenous deposits are genersdly coarser than those found in the 
deep sea, although certain exceptions do occur. The texture will 
depend not only upon the effective transporting agency but also upon 
the character of the source material. The following terms have been 
suggested by Bevelle (personal communication) to designate the texture 
of terrigenous deposits: 

1. Sand. More than 80 per cent of the material coarser than 62 

microns in diameter. 

2. Silty sand. Between 50 per cent and 80 per cent coarser than 

62 nucrons. 

3. Stmdy siU. More than 50 per cent coarser than 5 microns and 

more thftn 20 per cent coarser tiian 62 microns. 

4. iSt% mud. More than 50 per cent coarser than 5 microns and 

less 20 per cent coarser than 62 microns. 

6. Clayey mud. Less than 50 per cent coarser than 6 microuB. 
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By definition (p. 957} the sands may be subdivided into very eoane 
(2000-1000 microns), coaree (1000-500 microns), medium (500-250 
microns), fine (250-1^ microns), mid very fine (125-62 microns). If all 
the material is within the limits of 62 and 4 microns the term eili may 
be used. It will be noted that the term mud was not listed in table 105, 
mnce it is restricted to terrigenous sediments containing particles with a 
wide range in size. 

The composition is concerned with the character and, hence, with 
the source of the constituent materials. On this basis terrigenous sedi- 
ments may be divided into organic and inorganic types. The terms 
foraminifercd, coral, diatomaceoue, or other specific terms may be applied 
when a single type of organic remains is prominent in the sediment, and 
if no one form is conspicuous the general terms calcareous or siliceous 
may be used with the understanding that they indicate material of 
organic origin. Predominantly inorganic types of sediments may be 
expected to be related to the character of the material supplied to any 
area, and in this case no special term need be applied. However, the 
presence of mineral grains of certain types or sizes may make it dearable 
to add a term indicating cither the source or mode of transportation. 
Thus, glacial may be used for sediments containing material depoated by 
^aciers and icebergs, volcanic when there is a large amount of pumice, 
volcanic ash, and glass in the deposit. Mica is sometimes a readily 
recognized constituent and if it is abundant the term micaceous may 
be introduced. In certain areas authigenic glauconite is sufficiently 
abundant to warrant use Ojf the term glauconitic. 

When following the abov'e system of. terminology a trinomial nomen- 
clature may be used to describe terrigenous deposits. For example, a 
se dim ent from near a continental coast may be a green diatomaceoue silty 
mud, or one from the shelf of an oceanic island may be a gray calcareous 
sand. 


DISTRIBUTION OF PEUGIC SEDIMENTS 

General Features of Distribution. Figure 253 shows the dis- 
tribution of the various types of pelagic sediments. The representation 
is generalized partly to avoid confusion and partly because of the incom- 
plete knowledge as to the types of sediments found in many parts of the 
oceans. Any such presentations of the distribution of pelagic sediments 
are modified versions of maps originally prepared by Sir John Murray 
and his associates. Further investigations have changed the boundaries 
but have not materially affected the general picture. The figure has 
been prepared from the most recent sources avi^able. The distribution 
of sediments in the Indian Ocean is based on a map by W. Schott (1939a), 
that in the Pacific Ocean is from W. Schott in G. Schott (1935), with 
some revisions based on Revelle’s studies of the samples collected by the 




258. Distnbtttioii of the vanous types of pdagie sediments. 
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Carnegie (Revdle, 1936). The data for tiie Atlantic have been drawn 
from a number of eoorees, since no oomprehendve map has been prepared 
for many years. The Meteor material has been described by Correns 
(1937 and 1939) and Pratje (1939a). Thorp’s report (1931) on the 
sediments of the Caribbean and the western North Atlantic was used 
for those areas, and Pratje’s data (1939b) for the South Atlantic were 
supplemented by those of Neaverson (1934) for the Dieeovery samples. 
The distribution in the North Atlantic is from Murray (Murray and 
Hjort, 1912). 

One type of shading has been used for of the calcareous sediments 
and another for the siliceous sediments, unless the s 3 unbol P is shown 
to indicate that the area is covered with pteropod oose, it is to be under- 
stood that the calcareous sediment is globigerina oose. The siliceous 
organic sediments are indicated as D for diatom ooze and R for radiolarian 
oose. The unshaded areas of the oceans and seas are covered with 
terrigenous sediments. 

Various features of the distribution of pelagic sediments should be 
pointed out: 

(1) Pelagic sediments are restricted to the large ocean basins. 

(2) Red clay and globigerina oose are the predominant types of 
deposits. 

(3) Diatom ooses are restricted to a virtually continuous belt around 
Antarctica and a band across the North Pacific Ocean. 

(4) Radiolarian oose is almost entirely limited to the Pacific Ocean, 
where it covers a wide band, in the equatorial region. 

(5) Pteropod oose occurs In significant amounts only in the Atlantic 
Ocean. 

(6) The width of the area of terrigenous sediments depends upon a 
number of factors such as the depth and the supply of material, but it 
should be noted that in general it is more extensive in high latitudes. 
The North Polar Basin and the seas adjacent to the northern Pacific 
and Atlantic Oceans are covered with terrigenous sediments. As will 
be shown later, the terrigenous sediments of lower latitudes are 
largely composed of calcareous remains of benthic organisms in con- 
trast to those of higher latitudes, which are chiefly made up of mmeral 
fragments. 

(7) Although no depth contours are shown in fig. 253, comparison 
with chart I will show that the distribution of red cla 3 '' and calcareous 
ooses is restricted to those portions of the ocean floor with moderate or 
great depths. 

(8) Tbe boundaries between different types of sediments are not 
distinct, rince one form will graduate into another with interfingering 
where the topography is irregular. However, a glance at the figure will 
show that the mar^nal belts are small compared to the tremendous areas 



AAAMNe $B3IMeNTATI0N 977 

of readily claaaified sediments, and it is for this reason that the system of 
classificalion can be consider^ valid. 

Area of Ocean Bottom Covered bt Pelagic Sediments. In 
table 106 are given the areas covered by the different types of pelagic 
sediments. The values were obtained from fig. 253. Pelagic sediments 
cover 268.1 X 10* km* of the earth’s surface, that is, 74.3 per emit of the 


Tabus 106 

AREAS COVERED BY PELAGIC SEDIMENTS (MILLIONS KM*) 



Atlantic Ocean 

Pacific Ocean 

Indian Ocean 

Total 

L 

Area 

% 

Area 

% 

Area 

% 

Area 

% 

Calcareous oozes: 

11 








Globigenna 

mlmm 


51 9 


34 4 




Pteropod 

im 








Total 

i!0 

67 6 

51 9 

36 2 

34 4 

54 3 

127 9 

47 7 

Siliceous oozes. 









Diatom 

4 1 


14 4 


12 6 




Radiolanan 



6 6 


0 3 




Total I 

4 1 

6 7 

21 0 

14 7 

12 9 

mmm 

38 0 

14 2 

Rod clay 

15 9 

25 3 

70 3 

49 1 

16 0 

25 3 

102 2 

38 1 


61 6 

100 ^ 



63 3 

100 0 

268 1 



sea bottom The calcareous oozes (47.7 per cent), notably globigerina 
ooze, are the most extensive, with red clay (38.1 per cent) next in impor- 
tance among the pelagic deposits Siliceous oozes rover only 14.2 per 
cent of the total area 

The percentages of the total area of pelagic sediments m the three 
oceans covered by the major types of sediments are as follows: 


Sediment 

i 

Indian Ocean 

1 

Pacific Ocean 

Atlantic Ocean 

Calcareous oozes 

54 3 

36 2 

67 5 

Siliceous oozes 

20 4 

14 7 

6 7 

Red clay 

25 3 

49 1 

25 8 

aOO 0 

100 0 

100.0 


It will be seen that calcareous depomts predominate in the Indian 
and the Atlantic Oceans, but that in the Pacific Ocean, which is somewhat 
deeper, red clay is the most extensive. Of the total areas covered by the 
three major types of sediments the percentage distribution in the three 
oceans is as follows: 
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Sediment 

Calcareous ooses 

Siliceous ooaes 

Red clay 

Indian Ocean 

26.9 

33.9 

15 7 

Pacific Ocean 

40.6 

55.3 

68 7 

Atlantic Ocean 

32.5 

10.8 

15 6 


100 0 


100 0 


The Pacific Ocean, because of its gnpat size, contains the largest 
percentage of all of the three types and aAually over 50 per cent of the 
siliceous oozes and red clay. 

Depth Range of Pelagic Sediments. Depth is generally con- 
sidered as one of the factors controlling the distribution of the different 
types of marine sediments. According to Murray’s classification, deep- 
sea sediments are restricted to depths greater than about 200 m, and in 
general pelagic sediments are found only at considerably greater depths. 
Although there is some difference in the depth distribution in the three 
oceans, data are not comparable, and the following values for globigeiina 
and pteropod oozes and red clay are from Murray and Chumley (1924), 
representing the results of studies made on 1426 samples from the Atlantic 
Ocean. The values for diatom and radiolarian oozes are^rom Andr5e 
(1920). 


4 

Sediment 

Samples 

Depth (m) 

Minimum 

Maximum 

Average 

Globigerina ooze. 

772 

777 

6006 

3612 

Pteropod ooze 

40 

713 

3519 

2072 

Diatom ooze 

28 


5733 

3900 

Radiolarian ooze 

9 

4298 

8184 

5292 

Red clay 

126 

4060 

8282 

5407 


Although the ranges overlap, indicating that factors other than depth 
control the distribution of pelagic sediments, it can be seen that radio- 
larian ooze and red clay are characteristic of depths greater than 4000 m, 
whereas the calcareous sediments and diatom oozes are generally restricted 
to the lesser depths. 

AAASS PROPERTIES OF DEEP-SEA SEDIMB4TS 

CoLOB OF Deep-sea Sediments. The significance of color has been 
conudered above, and in the system of classification it was pointed out 
that pelagic deijosits are characterized by light colors or red or brown 
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tints which in^cate oxidiaing conditions tn stht. The OTgauc remidns 
which predominate in the calcareous ooses are generally wlute or at least 
Ught in color, and the nliceous tests of diatoms and radiolarians are 
glassy but in mass appear white. It is therefore the inorganic fracticm 
which lends most of the color to a pelade sediment. The larger mineral 
grains are not conspicuous in pelagic sediments, hence it is the fine clay 
material which gives the darker tones of red and brown. When deposi- 
tion is rapid and where reducing conditions prevail, the clay fraction 
may be green, greenish brown, blue, or black. The latter tones will 
generally be found in the terrigenous deposits. In certain areas the 
calcareous material may itself be discolored by deposits of iron or manga- 
nese oxides or in certain areas by organic pigments. 

The colors of the various types of pelagic sediments are as follows: 

GMngenna ooze. Milky white, rose, yellow, or brown. Near land 
it may be dirty white, gray, or blue. 

Pteropod ooze. White to light brown with reddish, pink, or yellow 
tinge. 

Diatom ooze Yellowish, straw, or cream colored Dirty white when 
dry. Darker near land. 

Radiolanan ooze. Red, chocolate brown, or straw colored. 

Red clay. In North Atlantic, bnck red, but in South Pacific and 
Indian Oceans, chocolate broAim. Graduates into “blue " near shore. 

As pointed out in the section on classification, the color of terrigenous 
deposits is extremely variable. Murray and his co-workers established 
various types of terrigenous sediments to which the names “blue,” 
“green,” and “red” muds were applied. Unfortunately, the color was 
not the only factor which placed a given sample within one of these 
groups, therefore the anomalous situation developed thaCt a green- or 
brown-colorcd mud would be classified as a “blue mud.” 

Texture of Deep-sea Sedimemi s. The texture of pelagic sediments 
varies a great deal, depending iargr'ly upon the proportions of organic 
remains. Pteropod and globigerina oozes, containing little or no fine 
material, which occur on topographic highs actually are sands if texture 
alone is considered. At the other extreme are the fine-grained clays. 
It is convenient, as in the discussion of color, to consider the textural 
properties of the three extreme types of pelagic sediments, namely, red 
clay, diatom ooze high in organic rtmains, and globigerina ooze largely 
made up of foraminiferal skeletons. Intermediate types representing 
organic oozes diluted with clay will of course fall within the limits 
described by these extreme types. Coarse-grained mineral fragments 
are never abundant except under special circumstances. 

The following data have been selected as examples. The average of 
five globigerina oozes from the Pacific Ocean collected by the Carnegie 
were analyzed by the pipette method by ReveUe (1936). These samples 
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contained between 75 per cent and 89 cent CaCOi witib an average of 
82 per cent. The distribution in the various sise grades is shown in the 
histogram in fig. 254. The corresponding cumulative curve is shown 
in fig. 255. The data on red clay are also from the Carnegie collections 
(Revelle, 1936), and represent the average of five samples from the North 
Pacific, analysi^ by the pipette method. The CaCOa content in all cases 
was less than 1 per cent. The characteristics of the diatom ooses 
(figs. 254 and 255) are based on the analyses of eleven samples collected 
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MEDIAN DIAMETER IN MICRONS ~ 

Fig. 264. Distributioii of particle sise (equivalent diameter) in pelagic sediments 
represented by histograms (same data as in fig. 255). 

at seven localities in the South Atlantic by the Meteor and reported by 
Pratje (1939b). These samples cont^ed, on an average, 74 per cent 
siliceous remcuns made up of diatom tests (46 per cent), sponge spicules 
(27 per cent), and radiolarian tests (1.2 per cent). Figures 254 and 255 
show that the globigerina oose is the coarsest, the diatom ooze inter- 
mediate, and the red clay finest in texture. The proportions in the sand 
(>62.5 microns), silt (62.5 to 3.9 microns), and clay grades (<3.6 
microns), and the statistical constants (p. 970) are given in table 107. 
The values in the table show some very striking differences between the 
tiuee extreme types of pelagic sediments. Although the globigerina 
and diatom oozes have approximately the same median diameters. 
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7.8 and 7.0 microns respectively, the globigexina ooze is very poorly 
sorted. The sorting coefficient, So, is 6.4 in the first case and 1.86 in the 
second. The red clay is much finer, with a median diameter of 1.1 
microns and a sorting coefficient of 2.83. The skewness Sk shows the 



Fig 255 Dutnbution of part.cle aizo ^'equivalent diameter) in pelagic sediments 
represented hv histograms (same data as in fig. 254) 


oozes to be skewed towards the coaise sizes (values greater than unity), 
whereas the red clay is slightly skewed towards the fine size grades 
The data presented above represent relatively extreme cases and should 
not be treated as averages for these types of sediments 


Table 107 

TEXTURE OF EXTREME TYPES OF PELAGIC SEDIMENTS 


Sediment 



m 


! «• 

Q. 

So 

Sk 

Globigenna ooze 

28 7 

33 5 

37 8 

7 8 

2 0 

82 0 

6 4 

4 58 

Diatom ooze 

6 0 

88 0 

6 0 

7 0 

4 4 

15 0 

1 85 

3 63 

Rod clay 

0 0 

17 3 

1 

82 7 

1 1 

0 35 

2 8 

2 83 

0 94 
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Tlie median diameter for the ^obigerma ooze does not represent the 
dze of tihe complete tests which would mostly have diameters greater 
than 62^ microns. It will be noted that the histogram shows sevend 
maxima. The histograms of globigerina oozes diow two maxima ehar> 
acteristically, one in the coarser grades which corresponds to the rela- 
lively complete tests, and another in the fine grades. Revelle (1936) 
has diown that corresponding maxima are found in the CaCOs content 
of the different size grades. The maximum in the small grades is due 
to the presence of small crs^tals of CaCX)a (calcite) which are believed to 
arise from the mechanical disintegra^n of the foraminiferal tests. 
Correns (1939) considers that the fine-grained calcareous particles result 
from the destruction of the albuminoid (pseudochitin) cement which 
binds together the carbonate crystals in the shells. More than 50 per 
cent of the material finer than 2 microns may be calcareous. The data 
for the diatom ooze show that the bulk of the material is in the silt grades 
with the largest fraction between 7.8 and 3.9 microns. Because of their 
shape and structure, radiolarian and diatom frustules will have equivalent 
diameters smaller than their true dimensions. Revelle (1936) shows in 
photomicrographs many entire radiolarians of dimensions larger than 
250 microns, and the material between 250 and 125 microns is almost 
entirely composed of diatom frustules and smaller radiolarians. 

From the foregoing discussion it may be seen that the pelagic deposits 
contain material of diameters ranging from a millimeter or more down 
to the clay fraction with diameters chiefly less than one micron. Exclud- 
ing the more or less exoti6 wolcanic material and such rare constituents as 
manganese nodules, sharks’ teeth, and so forth, it is obvious that the 
coarser fractions of true pelagic depoedts are entirely composed of skeletal 
remains, whereas at the other extreme there is the inorganic clay fraction. 
The size-grade composition of a given sample may fall anywhere between 
these extremes and have only one maximum or several maxima, depending 
upon the character of the source materials and the relative proportions in 
which they are deposited. 

Physical Oohfosition or Deep-sea Sediments. The character of 
the grains larger than about two microns can generally be determined by 
microscopic examination. The organic remains can be identified, and 
with the aid of the microscope and various techniques of the petrographer 
the mineral grains may also be recognized. The fine material, such as 
that predominating in red clays, cannot be studied in this way because 
of the small size of the individual particles. For many years this material 
was conmdered as "amorphous,” but the development of X-ray methods 
for determining crystal structure and the application of various physical 
and chemical tests have established the identity of the clay minerals. 

In the examination of sediment samples the mechanical analysis is 
usually made first and various convenient rise grades are separated. 
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Such fractions are thra used for studies of the physical compontioD. 
Organic skeletal remains are placed in two general groups, namely, 
calcareous and siliceous. These are then identified as to phylum, elojMi, 
order, genus, sj^cies, or variety, depending upon the state of preservatimi 
of characteristic features and the care with which the sample is to be 
studied. Mineral grains are also classified when they are large enough 
to be examined. The identification of the clay minerals is considered 
later (p. 988). 

Organic eonstitutents in deep-sea sediments comprise remains of 
virtually every type of marine organisms possessing hard skeletal struc- 
tures. The various oozes may consist almost entirely of the remains 
of one type of planktonic organisms ; on the other hand virtually all types 
of organisms may be found in anj one sample, although the total may 
not make up more than a small percentage of the deposit. The latter 
situation may prevail in red clays Foraminifera, both planktonic and 
benthic, have been studied most extensively, and the species encountered 
and their distribution are fairly well known. Much less information 
is available concerning the species of diatoms, radiolarians, and other 
forms encoxintered in marine deposits. In many reports on the physical 
composition of marine sediments no attempt has been made to classify 
the organic remains beyond rc*porting the percentages of calcareous and 
siliceous structures. Revellc (1930) has tabulated the general organic 
constituents m 1156 pelagic sediment samples studied by Sir John 
Murray and his associates. These data are given in table 108, taken from 
Revelle. In it are shown the maximum, minimum, and average per- 
centages of calcium carbonate, planktonic and benthic foraminifera, otiier 
calcareous remains, siliceous remains, and the mineral grains of diameters 
greater and less than 0 05 mm (50 microns) in the various types of pelagic 
sediments. If the extreme cases are selected, as in the case of the texture, 
it may be seen that red clays may contain 100 per cent of minerals less 
than 0.05 mm, whereas calcareous oozes may contain more than 98 per 
cent of calcareous remains, and siliceous oozes 90 per cent of siliceous 
remains. However, most samples represent mixtures of two or more 
of these basic types of constituents in variable proportions. The average 
percentages of various organic and inorganic materials can be obtained 
from table 108. 

Calcareous structures are m g"i»'*»’al more abundant than siliceous 
organic remains. The various groups of pelagic and benthic organisms 
which may contribute to the sediments have been listed elsewhere 
(p. 950). Both planktonic and benthic foraminifera are found in marine 
sedimeifts. Cushman (1928) lists 25 species of planktonic foraminifera. 
Revelle foimd 23 species in the deposits of the Pacific Ocean, Thorp 
(1931) 19 species in the dejiosits of the western North Atlantic, and 
W. Schott (in Correns et al, 1937) 21 species in the Equatorial Atlantic. 
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As ua,y be seen from table 108, the benthic foraminifera are never as 
abundant as the {danktonio forms, but there is a much greater number 
of species. In the Padfie, Revelle found 48 genera represented by 119 

Tabls 108 

PHYSICAL COMPOSITION OF PELAGIC SEDIMENTS AND TEXTURE 
OF MINERAL PARTICLES 


(From Revelle, 1036. C Chattenger, Murray and Renard, 1801; M — Murray and 
Chumley, 1024; V Valdma, Murray and Philippi, 1008.) 


Physical 

composition 

Red clay (%) 

Radi^ 

larian 

oose 

Diatom oose 

(%) 

Globigerina 
oose (%) 

Ptero- 

pod 

ooze 

(C) 

(M) 

(%) 

(C) 

(C) 

(V) 

(C) 

(M) 

(%) 

(M) 

/Maaumum 
CaCOi < Minimum 

(Average 

forammifera | a„™„^ 
VAverage 

Bennie fora. 
mmifera 

Other calcar. 

ou8remaiiis\^^^^ 

Siliceous 

^ . < Mmimum 

leverage 

28.8 

0 

6.7 

4.77 

0.6 

«( 

1.3 

2.4 

29.0 

0 

10.4 

27.0 

0 

8.8 

3.0 

0 

0,6 

6.3 

0 

1.0 
5,0 

0 

0.7 

1 

36.3 

2.0 

23.0 

3.1 

1.6 

3.2 

60.0 
20.0 
41.0 

24.0 

0 

2.7 
pre- 
domi- 
nant 
part of 
CaCOs 

present 

present 

90.0 

40.0 

73.1 

96.8 
80.2 
64.5 
80.0 

25.0 

53.1 

w 

2.1 

31.8 
1.2 
9.2 

10.0 

4.0 

1.6 


98.5 

44.8 

73.9 

75.0 

15.0 

34.7 

10.0 
tr 

3.6 

57.0 

15.8 

35.5 

20.0 
tr 

1.9 

Texture of mineral parti- 
cles 

! 





1 

1 



s M CMarimum 

diameter 

mm 

60. 0^ 


25.0 





■El 

tr 

1.0 

mwm\ 

1.0 


tr 

tr 

5.6 

2.4 

1,7 

15.6 

8.4 

5.3 

5.1 

4.7 

<05 mm, j Minimum 
diameter Average 


100.0 

67. O*' 

27.9' 

34.0 

66.6 

69.3 

41.8 


31.0 

17. O' 

12.5' 

9.0 

1.2 

1.2 

tr 

85.4 

; 86.5 

39.9' 

^la 

15.8 

ESO 

28.5 

19.6 

Number of samples aver- 









aged 

70 

126 

9 

5 

16 

118 

772 

40 


• Only in two ezooptionnl OMot; the usual mazimum Is not more than 6 per oent. 

* Only in one ezeeptional oaaoe 

« Includes finely divided remalna of siliceous organisms. 


species, and in the western North Atlantic, Thorp found 47 genera 
represented by 80 species. Although the majority of the benthic fora> 
minifera are calcareous, a number of genera build arenaceous tests by 
cementing together particulate debris which mayor may not be cdcareous. 
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According to the studies of W. Schott (1937) the bentibic fomniidfeni 
constitute less than 1 per cent of the total number of foramiiufeta in 
about 50 per cent of the samples examined. In very few cases do tiiey 
exceed 25 per cent of the total number of tests. The highest percentages 
occur in samples of intermediate CaCO* content. This is in agreement 
with ReveUe (1936), who found the greatest number of species in samples 
of intermediate carbonate 




content. 

W. Schott (1937) has 
introduced the “foraminiferal 
number” as a measure of the 
abundance of relatively entire ^ 
tests. He found that most of 
the unbroken tests were in the | 
sise grade between 2 to 0.2 
mm diameter. By count he ^ 
determined that 1 g of this £ 
material contained 23,300 | 
tests. The foraminiferal f 
number is then obtained by S 
multiplying the fraction of 
the material in this size grade, 
less the percentage of material 
other than foraminiferal tests, 
by 23,300. From this it can 
be seen that a sample com- 
posed entirely of foraminifera PERCENT CoCOg 

in this grade would h&'.'e a Fig. 256. Relation of the foraminiferal 
foraminiferal number of number to the calcium carbonate intent to eedi- 
rto 1 . x 1 ments from the Equatorial Atlantic Ocean. 

23,300. The highest value (p^vm Correna, 1939, in Recent Marine Sedu 

obtained by Schott was mente, edited by Parker D. Trask, and published 

12,700. Much of the calcium by the American Aa^iatmn of Petroleum 

\ . , ,, Geologists, Tulsa, Oklahoma.) 

carbonate IS present as smaller 

tests or as broken fragments, hence the foraminiferal number is not 
directly proportional to the CaCOj. The relationship obtained by Schott 
is shown in fig. 256. Correns (1939) has suggested that the term globig- 
erina ooze be restricted to samples vdth foraminiferal numbers greater 
than 6000, which would indicate that at least one quarter of the sediment 
consisted of unbroken foraminiferal tests in the size grade of diameter 
between 2 and 0.2 mm. As can be seen from fig. 256, such samples would 

contaufmore than 60 per cent CaCOi. , j 

Because of their relatively large size, pteropods and heteropoda are 
conspicuous constituents of certain calcareous ooses from the shaHower 
depths in tropical latitudes. However, they never constitute more than 
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a small percentage of the ealeareous material. Murray and fijort (1912) 
list 5 genma (35 species) of shdled priagic pteropods and 3 genera 
(32 species) of shelled hetmopods vdiose skeletal remains may be found m 
the sediments. 

C^dcareous remains of other types of pelagic and benthic animals 
may be found in pelagic deposits but they are never abundant. Ekshino- 
derms, annelids, ostracods, and polysoa are among the benthic forms 
commonly present. 

Calcareous structures of plant origii^ are among the important con- 
stituents of the pelagic deposits. Fra^ents of the larger calcareous 
algae (lAthoihamnion and CoraUina) are often found near land, and in 
the open ocean the remains of the microscopic Coccolithophoridae may 
be very abundant, particularly in the tropical and subtropical parts of the 
Atlantic Ocean. These pelagic forms are so delicate that the entire 
skeletons are rarely found but, instead, only the tiny plates of which they 
are built up. The oval plates called coccoliths and the rod-shaped frag- 
ments called rhabdoliths, which arise from the coccosphere and the 
rhabdosphere, may constitute as much as 74 per cent of the material 
between 10 and 2 microns in diameter and may form about 15 per cent 
of the material of finer grades. According to Correns (1939), the cal- 
careous plant remains never form more than 13 per cei^ of the entire 
sample. 

The inorganie constituents in deep>-sea sediments are shown in table 
109 (Revelle, 1936), giving the frequency with which the principal 
minerals were reported by Murray and his co-workers in the various 
types of pelapc deposits. These records are based on examination of 
the material larger than 0.05 mm and do not include the smaller particles 
referred to by- Murray as “fine washings.” Table 108 ipves the maxi- 
mum, minimum , and average content of “minerals” and “fine washings” 
in the various types of deporits and, as can be seen from the average 
values, the larger grains rarely represent more than a small percentage 
of a pelagic sediment. Coarse terrigenous material must be rare except 
in regions where ice or the atm(»phere are effective, because of the lack 
of adequate transporting agencies. Volcanic material, except pumice 
which will float for some time and the fine dust which may be air-borne, 
will also be restricted to areas of volcanic activity. The authigenic 
materials, on the other hand, are not directly dependent upon trans- 
porting agencies but are related to the environment prevailing in and over 
the sediment. 

Although means have been available for many years for the identi- 
fication of mineral grains, it is only recently that it has been possible to 
obtain any adequate idea as to the character of the fine material. Mur- 
ray considered it as amorphous, that is, noncrsrstalline, and from the 
available data decided that red clays and the day fraction of all pdagic 
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Table 109 

MINERALS IN PELAGIC DEPOSITS. DIAMETERS 
GREATER THAN 0.05 MM 

(From Revetie^ 1936. C » Challenger, Murray and Renard, 1891; M » Murray and 
Chumley, 1924; V -» Valdiputf Murray and Philippi, 1908.) 


Principal inorganic 
constituents 

Per cent of samples analyzed in which 
substance is recorded 

Red clay 
(%) 

Radio* 

larian 

ooze 

(%) 

(C) 

Diatom 
oo*e (%) 

Globigerina 
ooze (%) 

Ptcro- 

pod 

ooze 

(%) 

(M) 



(C) 

(V) 

(C) 

(M) 

1. Allogenic minerals 









Amphibole" 

44 

19 

10 

100 

60 

50 

36 

60 

Chlorite 









Epidote 

3 








Feldspar, uiidilTereniiatod . . ; 

76 

19 

90 

60 

90 

73 

38 

50 

orthoclase^ 




40 


X 



sanidine 

10 





18 


10 

plagioclase^ 

29 



80 


20 


10 

Garnet 

1 



20 


X 



Magnetite 

89 

23 


100 


80 

29 

40 

Mica, undifferentiated . . 

27 

40 

10 

40 

6 

26 

64 

70 

white mica 









black mica** 



10 

20 





Olivine 

7 



40 


16 


10 

Pyroxene, undifferentiated . . . 






X 



enstatite 






X 



hypcrsthene* 









augite 

61 

13 

30 

40 

12 

70 

12 

40 

Quartz 

30 

58 


80 

80 

42 

68 

70 

Tourmaline 

4 



20 


X 



Zircon 

4 



20 


X 



2. Authigenic minerals^ 









Analcite 



10 






Glauconite 

9*^ 

:4» 


20 

6 

11 

13 


Manganese grains, nodules . . . 

79 

13 

70 



31 

6 


Palagonite 

31 

9 

40 

20 


8 

30 

40 

Phillipsite 

14 


40 



X 



Phosphate ■ . 






X 



3. Rock fragments, etc. 









Crystalline, sedimentary . . 

7 



60 

12 


9 


Volcanic, glass 

64 

23 

70 

80 

70 


60 

65 

lapilli, scoria 

16 


10 

20 





pumice 

49 

8 

20 

40 

30 


40 

30 

rock fragments 









4. Magnetite, other (cosmic) 









spherules 

11 


30 



1 ^ 




• Always listed as hornblende^ except for one reference to glaucophane, in a blue mud, and to aetino- 


lite. in a dobigerina oose. 

» Indudes all references to monodmie feldspar. 

• Includes aQ references to trioiinie feldspar. 

* Includes three references to green mica in blue and green muds. 

• Includes one reference to bronsite in d<^ic^ua oo®e. 

/ Does not include clay mioerals, iron hydroxides, or coUoidal siltca. 

# May be aliogenio in part. 
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deponta were formed on the sea bottom by the decomposition of volcanic 
material. It was also suggested that a certain "insoluble" fraction of 
calcareous and siliceous skdetous might contribute to this fraction of the 
deposit. 

The development of X-ray methods for determining the crystal 
structure has opened up a new field in the study of fine-gndned material 
and the application of this technique (Revelle, 1936, Mehmel 1939) has 
shown that the fine clayey material is largely crystalline. Methods of 
identification based on X-ray spectroscopy (Mehmel, 1939) and upon 
certain physical and chemical tests such ad the temperature-dehydration 
characteristics and the base-exchange capacity have made it possible to 
identify many of the constituents of the clay fraction. The general 
problems in this field have been reviewed by Grim (1939) and Kelley 
(1939). Revelle (1936) and Correns et al (1937) have shown the presence 
of quartz, calcite, and other minerals, as well as a group of substances 
generally known as “clay minerals" in the fine fraction of marine 
sediments. 

Clay minerals have the following characteristic properties. Within 
any group there is a range in chemical composition due to isomorphous 
replacement. They generally contain a large amount of water partly 
bound as water of cry'stallization and partly by surface aiyf interlattice 
adsorption. The platelike crystal units are mechanically weak and 
easily broken down and may be ruptured by the process of dispersion. 
Many of the clay minerals possess the property of base-exchange. In 
base-exchange, cations in a solution may enter the crystal structure and 
replace a stoichiometric equivalent of another ion which passes into the 
solution. For this reason it is possible to have hydrogen, sodium, 
potassium, calcium, and other clays, where these elements are the 
replaceable cations. The physical properties of such clays depend upon 
the replaceable cation or cations. For example, sodium clays are sticky, 
impermeable, and readily dispersed, whereas calcium clays are relatively 
granular, porous, and difficult to disperse. 

The replaceable cations can be arranged in a series with decreasing 
replacing power: 

H > Ca > Mg > K > Na. 

Under comparable conditions a cation of higher replacing power in solu- 
tion will displace one of lower power present in the clay. Conversely, a 
clay contmning a cation of higher power is not markedly affected by 
treatment with a solution containing cations lower in the series. Sodium 
has a low replacing power, hence is easily replaced, so that sodium 
clays are rarely found in contact with meteoric waters which generally 
contain calcium. Most natural clays contmn a mixture of replaceable 
bases. 
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Grim (1939) eonsidera that there are three important fpkmpe of eUjr 
minerals as wdl as certain miscdlanemis types that do not bel<mg to 
the major ^ups. Under natural conditions mixtures of clay minerals 
usually occur. 

Kadinite Group. The chief member is kaolinite which hmt the 
formula (OH)«Al4Si40to. Other rarer forms also bdong in this group. 

MonitnoriUomte Group. The clay mineral of this name has the 
formula (OH)4Al4SigOao(xHiO). The others in this group are beiddlite, 
nontronite, and saponite. Magnesium is usually found in montmoriflon- 
ite; in beidellite the SiOt:AltOt molecular ratio is 3 iirstead of 2; in 
nontronite, iron replaces some of the aluminum and in saponite, mag- 
nenum replaces some of the aluminum. 

Illite Group. This group has the general formula 

(OH)4K^(Al4-Fe4-Mg4 Mg,)(Sig>„ A1,)0„ 

in which y has values between about 1 and 1.5. Muscovitelike minerals 
are characteristic of this group. 

Miacellaneous Clay Minerals. In this category are placed halloysite 
l(OH)8Al4Si40to] and hydrated halloysite [(0H)igAl4Si40«]. The non* 
crystalline mutual solutions of silica, alumina, and water, that may also 
contain some bases and for which the term allophane has been proposed, 
are placed in this group. 

'Die data on the physical and chemical properties of clay minerals 
have been assembled by Grim (1939). The base>exchange capacity, 
expressed as milliequivtJents per 100 g, is greatest for montmorillonite 
(60 to 100), intermediate for illite (20 to 40), and least for kaolinite 
(3 to 15). Little or nothing is known about the other types. 

The clay minerals are known to* result from the weathering of rocks 
under the action of water and its dissolved substances, particularly 
carbon dioxide. Plants and the products of organic decomposition also 
contribute to the breakdown of the rock fragments. The evidence now 
available indicates that the character of the residual minerals depends 
more upon the conditions or environment of weathering than upon the 
type of rock attacked. 

The investigations of Mehmel on the Meteor samples and of Revelle 
on the Carnegie samples have shown the presence of a variety of clay 
minerals. The sediments of the Equatorial Atlantic contained kaolinite, 
montmorillonite, and hydrated halloysite, and a muwovitelike day. 
Revelle qbtained easentially the same results, and in ad<fition found that 
certdn depodts of the South Pacific contained appreciable amounts of 
noncrystaOine siliceous material. From this evidence it would appear 
that at least part of the clay fractions are not formed on the sea bottom 
but represent the products oi subaerial weathering carried into the aea 
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with the other tenigenoua debris. The foUowiag aigumeets further 
support the the(Nry of terrigenous origin: 

(1) There is no sharp chuige in mineralogical composition or prop- 
erties in pasting from known terrigenous depotits to the pelagic deposits. 

(2) l^me is no i»ogrestive change in the mineralopcal constituents 
with depth in cores frmn pelagic depotits. If submarine weathering was 
active, changes with time should occur which would be reflected in the 
cores. 

(3) The variety (rf fine-grained mineral^ indicate a number of sources, 
as would be found in terrigenous debris. 

(4) As stated elsewhere (p. 968), fine-grained material, particularly in 
dilute suspensions, is not necessarily flocculated by mixing with sea water, 
hence can be transported for great distances in the sea. 

Although the present evidence does not preclude the formation of 
some clay minerals from volcanic debris on the sea bottom, there is con- 
siderable evidmice which indicates that much of the clay fraction found 
in marine depotits, both nearshore and pelagic, is of terrigenous origin. 
The detection of this finely divided material in the water and the deter- 
mination of its distribution in the ocean waters will be the conclusive 
argument in deciding upon the source of the red clay and the nonorganic 
fraction of the pelagic ooses. 

Many of the clay minerab in the sediments possess tne property of 
base-exchange. The question of whether or not any exchange takes 
place when terrigenous Gla}r8 come in contact with sea water is unsettled. 
Ktiley and Liebig (1934) found that clay minerals- treated with sea water 
attained an equilibrium in which magnesium formed the principle 
replaceable base, followed by sodium, calcium, and potassium. In the 
sea water the order of abundance of these cations is sodium, magnesium, 
calcium, and potassium (p. 176). The high proportion of magnesium 
in the clays is due to its high replacing power, while sodium takes second 
place because of its abrmdance in the water. Revelle (1936) found that 
the base-exchange capacity of three clay samples was relatively high 
(27, 34, and 39 milliequivalents per 100 g) and that the size fractions 
lees than 1.5 microiu had even hi^er values. In the two cases reported 
these were 53 and 58 milliequivalents per 1(X) g. Magnesium was the 
most abundant replaceable cation. In the whole samples, the ions were 
in the order magnetium, calcium, sodium, potassium, but in the 
material of diameters less than 1.5 microns the sodium exceeded the 
calcium. 

It tiiould be pmnted out that leaching with pure water or treatment 
with any salt solution, such as tiiose used as disperting agents, will tend 
to bring about certain changes in the exchangeable cations in the clay 
minerals. Hence, chemicid analyses or studies of the base-exchange 
preppies must be made on unwatiied samples cd the sediments. 
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Chbmical CoMPosinoN or Psuioio SaDiMSNTs. As jxnnted. out 
above, the composition of pelagic deposits covers a vride range and no two 
specimens will ever be identical in phymcal or chanidd eompoutioiL 
Therefore it is desirable to turn our attention once more to the three 
extreme types of material commonly found in pelagic deposits, namdy, 
cidcareous remains, siliceous skeletal structures, and the fine clay material. 

In table 48 (p. 231) are ^ven examples of the chemical composition of 
various types of skeletal structures. Revelle ( 1936) analysed foraminiferal 
tests carefully separated from five samples of globigerina oose. ’Hte 
maximum, minimum, and average amounts of the various detdmined 
constituents are given in table 110. The average CaCOi content is 


Tabm 110 

COMPOSITION OF FORAMINIFERAL TESTS, PER CENT 


Constituents 

1 

Maximum 

Minimum 

Average 

SiOi 

0.72 

0.08 

0.47 

AliOi* 

1.35 

0.22 

0.78 

FeOjFeaOi 

1.68 

0.51 

1.08 

MgO 

0.16 

0.10 

0.13 

CaO 

54.52 

53.12 

53.82 

COi 

43.10 

41.69 

42.37 

Ignition loss* 

0.87 

0.78 

0.72 



1 

99.47 


* Only two determinniions. 


96.2 per cent. According to Revelle the high iron content may be due to 
changes occurring after deposition. The composition of the siliceous 
skeletal material may be taken to be hydrated silica (SiOf®H»0). 
Hence, the organic constituents will yield two extreme types of deposits 
which may be either virtually all ( iaCOs or all SiOi. Traces of many 
other elements are undoubtedly represented, and there are many minor 
anomalies in the composition of skeletal material. For example, among 
the Radiolaria there are forms that secrete strontium carbtmate and 
others that have skeletons of complex silicates, but these will not mate- 
rially affect the general picture. 

When considering the composition of the fine-grained clay material 
the question arises as to whether or not it is possible to consider a smgle 
type of composition or whether there are a number of varieties. Tlie 
available data indicate that the first approach is a valid one. In table 
111 are given three analyses of “pure” red clays. These have been 
adjusted to a basis as being free from salt, decomposaUe organic matter, 
calcium carbonate, and water. The analysiB by Steiger (daike, 1924) 
was made on a composite sample prepared by Sir John Murray from 
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51 represoitative red-day ipedmene. The values from Revelle are the 
avN'ages dT separate analyses of 10 red clays from the North Pacific, 
and the determinations by Correns (1937) are for a single sample from 
the Atlantic Ocean. Comparison of the three analyses with the average 
composition of igneous rocks shows that red clay has a higher percentage 
of aluminum, iron, and manganese, and marked decrease in the caldum. 


Table 111 

CHEMICAL COMPOSITION OF RED CLAY 
(Salt-, organic matter-, an^CaCOi-free) 


Constituents 

Composite of 
51 samples 
(Steiger) 

Average of 10 
Pacific Ocean 
samples 
(Revelle) 

Atlantic 
Ocean sample 
(Correns) 

Average of 
igneous rocks 
(Clarke, 1924) 

SiOa 

54.48 

55.95 

53.27 

59.14 

TiO* 

0.98 

0.83 

0.98 

1.05 

AUda 

15.94 

18.48 

23.74 

15.34 

CriOi 

0.012 

0.055 

Fe*Oa 

8.66 

8.16 

2.65 

3.08 

FeO. 

0.84 

3.39 

3.80 

Ni,CoO 

0.039 


0.025 

MnO 


0.31 

► 0.124 

MnOa 

1.21 

0.83 

Mgo! 

3.31 

2.95 

0.38 

3.49 

Cab 

1.96 

0.45 

2.48 

5.08 

SrO 

0.056 

0.022 

BaO 

0.20 

0.06 


0.055 

KtO 

2.85 

3.35 

2.36 

3.13 

NaaO 

2.05 

1.32 

1 2.27 

3.84 

ViO, 

0.035 

' 0.026 

1 

ASfOa 

0.001 


tr. 

MoOi 

tr. 



PjO* 

0.30 

0.18 

0.02 

0.30 

CuO 

0.24 

0.015 

PbO 

0.008 




ZnO 

0.005 



0.005 

ZrO 

0.14 


0.04 

H,0 

7.04 

7.30 

8.15 

1.15 

Total % 

100.00 

100.00 

100.00 

99.77 

Total Fe as Fe*Oa 

9.59 

8.16 

6.18 

7.31 

Total Mn as MnOs — 

1.21 

0.83 

wsm 

0.16 


potassium, and sodium. Chlorine and sulphur could be added to the 
latter group, which represents dements that form readily soluble com- 
pounds or, as in the case of calcium, are precipitated by organic actinty. 
SUica, of course, is also deposited by organisms; but the proportions 
pres«it in the rocks and clays are so high that no significant differmices 
show up in the analyses. 
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THE ^RONMENT OP DEPOSITION 

Samples of sedimentary rocks can be stored for years witbotit siting 
th^ properties, but this is not true of samples of recent sediments, in 
which marked changes may take place after collection, particularly if 
th^ are allowed to dry out. These changes are chiefly associated with 
activity of organisnu and tire loss of water. Org;anic processes subse- 
quent to collection of samples will generally not follow the pattern existing 
on the sea floor because of the changed environment. Increased bacterial 
activity will tend to modify the organic-matter content, the oxidation- 
reduction conditions, and the pH. lire loss of water by evaporation may 
change the textural characteristics of the sediment, since sediments which 
have be«r dried do not disperse as completely as fresh samples (Correns, 
et ol, 1937). Furthermore, the chanpng salt concentration of the inter- 
stitial water which will accompany evaporation may result in base- 
exchange and precipitation of salts. 

The temperature prevailing in marine sediments can be closdy esti- 
mated from that of the water immediately adjacent to the bottom and 
depends upon depth, latitude, season, and circulation, and in basins upon 
the surrounding topography. The temperature probably has its greatest 
effect through its influence upon the character and activities of the 
organisms living in or on the sediment. Hydrostatic ‘pressure, which is a 
function of depth, is of no significance and has no effect dther upon the 
organisms or upon the water content or porosity of the sediment. The 
water content can be considered an important characteristic that is part 
of the environment of the sediments on the sea floor. The water content, 
which must be determined on carefully preserved samples, is commonly 
reported as the weight pC! cent of the sediment. However, if reported 
as volume per cent (assuming a mean gnun density of 2.6), it is an 
expression of the porosity. Trask (1932) discussed the water content 
of sediments and Krumbein and rettijohn (1938) have given many 
references to studies of the porosity of sedimentary rocks. The porosity, 
hence the water content, depends upon the texture, shape, and sorting 
of the particles in the sediment. Furthermore, the compaction must be 
taken into account. Recently deposited material has a greater pore 
space and water content than that which has “aged” or which has had 
additional material deposited on top, that is, has been subjected to 
pressure. In fine-grained material, particularly the clays and the 
so-called colloid fraction, the effect of surface adsorption must be con- 
sidered. Trask fractionated a marine sediment into a number of size 
grades an*! determined the water content of the freshly settled material 
(table 112). He found that the water content increases rapiefly in 
materials wmolWc tba** about 20 microns in diameter. After standing or 
after the superposition of additional material the water content decreases 
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somewhat. Cores from marine 8e<hmentB generally show a decrease in 
water content with depth in the core (fig. 257, also Moore^ 1981), and 
when textural stratification exists there is commonly an inverse relation- 
ship between the water content and the median diameter. In fig. 257 
are shown data for three representative cores obtained off the California 
coast. The heavy valical lines indicate the portions of the cores whose 
water content and median diameter were determined. The relatively 



Fig. 257. Water content and median diameter in core sampler of terrigenous 
sediments obtained off the California coast. Heavy vertical lines indicate portions 
of the cores examined. 


uniform fine-grained material (A), with median diameters between 1.7 
and 2.7 microns, had a water content decreasing from 81 per cent in the 

Table 112 

WATEE CONTENT AND POROSITY OF FRESHLY SETTLED SEDIMENT 

(From Trask, 1932) 


Siu groupj 

Water conteniy 

microns 

volume per cent 

260>600 

45.0 

125-250 

45.4 

64-125 

46.9 

10- 64 

51.6 

4- 16 

66.2 

1- 4 

85.8 

<1 

98.2 


superficial layer to 75 per cent at a depth of 2 m in the core. The coarser 
silty sediment (6) (Ms between 16 and 20.4 microns) showed a water 
content decreasing from 65 per cent to 56 per cent. A core with marked 
textural stratification (C) showed a close inverse rdationship between 
texture and water content. 

The permeabtUiy of a sediment, which is a measure of the ability of 
water to circulate through it, is related to the porosity. Although of 
undoubted importance in determining the chemical conditions and hence 
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the bkdc^cal environment, no penneabiUty studies have yet bemi made 
(m recent marine sediments. 

^ Many'chemical and biological processes are dependent upon the irater 
content and the permeability, that is, upon the amount of interstitial 
water present and upon the rate at which water circulates through the 
sediment and exchanges with the overiying water. Where very little 
exchange with the overljdng water takes place, depletion of the oxyg^ 
and the establishment of reducing conditions may occur. These condi- 
tions are inimical to the persistence of animal life, hence below the super- 
ficial layers there may be virtual exclusion of all living organisms except 
bacteria. The thickness of the superficial layer within which there is 
some exchmige of water will depend upon the texture of the sediment, 
the rate of sedimentation, water movements, the oxygen content of the 
overlying water, and the activities of burrowing organisms. 

The salinity of the interstitial water, which is determined by that 
of the overlying water, is probably not very important, although it may 
influence such processes as the solution or precipitation of calcium car- 
bonate. Changes in the chemical composition of the dissolved materiab 
are chiefly related to biological processes, although base-exchange with 
clay minerals, the formation of authigenic minerals, and the adsorprion 
of ions on colloidal particles may play some part. Organic activity will 
lead to the consumption of dissolved oxygen and the formation of cwbon 
dioxide which will tend to lower the pH of the interstitial water and favor 
the solution of calcium carbonate. If the oxygen is completely removed, 
anaerobic decomposition will lead to the formation of hydrogen sulifliide 
from organic matter. Marine anaerobic bacteria are also capable of 
attacking the sulphate present in the water and of using the oxygm in 
the sulphate ion in their metabolic processes. This proce^ also leads to 
the formation of hydrogen sulphide. The extent to which organic and 
inorganic processes within marine sediments may modify the composition 
of the interstitial water is not yet established, although scattered evidence 
indicates that they may be quite appreciable. The destruction of 
organic matter on the sea bottom also involves the nitrogen, and it is 
possible that a considerable amount of inorganic forms of this dem^t are 
produced on the sea bottom. Under reducing conditions this must be 
anunonia, but within the superficial layers the ammonia may be further 
oxidised to nitrite or nitrate. 

Many general statements have been made concerning the depletion 
of dissoU’dd oxygen and the establishment of reducing conditions in 
marine sediments, but rdatively little is known concerning the oxidation- 
reduotidh potentials prevailing in marine deposits (ZoBell, 1939). 
Altiunigjh tile state of oxidation of the iron and such other elmnmits as 
manganese, sulphur, and nitrogen may be determined by the prevuling 
potential, it diould be remembered that the redudiH( e<mditi(ms ate 
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bnw^t about by tbe activities of miorooiisamsms acting upon tiie 
oiganie matter in the deposit. The possibility that prscursora of 
petroleum are formed under these conditions has stimulated interest in 
the problems related to tihe bact«io]ogy of marine sediments (ZoBdl, 
1939, Trask, 1939). 

In the overlying water in the presence of free oxygen, Ek potentials 
(p. 211) slii^tiy hii^er than 0.0 volt are found (ZoBell, 1939). The Eh of 
sediments off the California coast has been found to range in general 
between —0.12 and —0.58 volt, but in certain areas of slow deporition 
di^tly positive values may prevaiL In g^eral, the oxidation-reduction 

Table 113 

BACTERIA AND OXIDATION-REDUCTION POTENTIAL IN A CORE 
from SAN DIEGO BAY, CALIFORNIA 
(From ZoBell and Anderson, 1936) 


Depth of 
strata 

(cm) 

Anaerobes 
per gram 

Aerobes 
per gram 

Ratio of 
anaerobes 
to aerobes 

Oxygen 

absorbed 

(mg/g) 

Oxidation- 
reduction 
potential, 
Eiht volts 

0- 3 

1,160,000 

74,000,000 

1:64 

2.8 

-0.12 

4- 6 

14,000 

314,000 

1:21 

1.3 ^ 

-0.29 

14-16 

8,900 

56,000 

1:6 


-0.37 

24-26 


10,400 

1:3 


-0.32 

44-46 


28,100 

1:6 


-0.37 

66-68 


^ 4,200 

1:2 

0.4 

-0.34 


potential decreases (the negative values increase) with increasing depth 
in the sediment. The sone of most rapid change is within the topmost 
few centimeters. According to Hewitt (1937), tierobes tolerate an Eh 
between -t-O.d and —0.2 volt; therefore the conditions beneath the 
uppermost few centimeters are not favorable for aerobic forms. The 
presence of “aerobes” at lower potentials indicates that they are either 
facultative anaerobes or that they are in a more or less dormant condition. 
The rapid decrease in numbers with depth in the cores is shown in table 
113. Anaerobes are therefore responsible for the extrem^y low poten- 
tials found in marine sediments. These potentials sometimes exceed 
that of the hydrogen electrode, which, in neutral solution (pH » 7), 
has an Eh of —0.421 volt. It will be seen from table 113 that the 
anaerobes also decrease in number with depth in the core, although the 
relative change is not as great as for the atoobes. 

Although the Eh decreases with depth in the sediment, the reducing 
capacity usually decreases. The reducing capacity can be determined on . 
freshly collect^ samples by measuring the oxygen absorbed after the 
addition of mercuric chloride to kill living organisms and to hsaotivate 
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muymeB. The oj^gen deficit ^dstbg in cortain fresldy coltocted teni^ 
enous sediments is believed to be associftted with the reduced state of 
the inm, manguiese, and so forth, and auto^xidisalde organic substaneea 
(ZoBdl, 1939). The decrease in reducing capacity with depth is 
explained as a result of transformation of organic matter into compoimds 
that are not readily oxidized or reduced. Sediments in which bacteria 
and enzymes are not destroyed show a rapid increase in bacterial popula* 
tion when suspended in aerated water, utiliring from a fraction of one 
milliliter to three or four milliliters per gram of sediment over a period of 
several weeks (ZoBell, 1939). The respiratory consumption is rested 
to the organiomatter content and indicates that, when the environment 
is changed from reducing conditions to those prevailing in the presence 
of free oxygen, a considerable portion of the organic matter is quickly 
destroyed. 

Benthic organisms, with or without skeletal structures, are involved 
in a number of sedimentation processes. Besides destroying organic 
matter, the larger benthic forms may ingest the sediment, causing 
mechanical abrasion of the solid particles and acceleration of the solution 
of such material as calcium carbonate. The turning over of the super- 
ficial layers by mud-eating and burrowing organisms tends to destroy 
laminations and to aid in the interchange of the water in the sediment 
with the overl 3 dng water. Characteristic constituents of many terrig- 
enous deposits are faecal pellets of benthic animals (Moore, 1939). 
Faecal pellets have been considered as important in the formation of 
glauconite (Takahashi, 1939). The characteristic distribution of dif- 
ferent forms of benthic organisms has received considerable attention 
both from marine biologists and from paleontologists, and their findings 
cannot be discussed here. In the sections on marine biology many 
references to this problem will be found. 

CALCIUM CARBONATE 

Factors Which Determine Accumulation and Deposition of Calcareous Material 

Interest in geological problems concerning the conditions wluch 
led to the formation of limestones has greatly stimulated the study of the 
calcium carbonate content of marine deposits, because most calcareous 
formations were recognized as having a marine origin although in certain 
cases no fossil remains of marine organisms could be identified. Ques- 
tions therefore arose regarding the environmental factors which determine 
the carbonate content of sediments laid down in different regions and 
regarding the possibility of inorganic precipitation of calcium carbonate 
in the sea. As the calcareous material in marine depotits is predon^- 
antly composed of skeletal structures of plants and animals, the marine 
biologist is directly concerned with the problem of the fonnation of such 
sediments. The precipitated carbonates are formed from materials in 
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solution and niay again rediasolve in tho water (ehaptw VI). Although 
the problem has been undm* investigation for many 3 rears, no final con- 
clusions as to Uie importance of inorganic precipitation and the carbonate 
cycle can yet be reached because the solubility of calcium carbonate in 
sea water is not accurately known. The factors which determine the 
peremtage of ctdcareous material in the sediments are extremely com- 
plicated and will be considered before turning to the observed distribution 
of the calcium carbonate in marine sediments. 

The terms “calcareous" and “calcium carbonate” are not strictly 
synonsunous. According to analyses (p.'';231 and p. 991), calcareous 
skeletal structures contain variable proportions of other substances, 
such as nxagnesium carbonate. However, the percentage of materials 
other than calcium carbonate is generally small and for this reason is 
commonly neglected. Most of the calcium carbonate found in marine 
deposits is in the crystalline form known as calcite, whereas the cal- 
careous structures of live organisms apparently contain at least some in 
the form of aragonite. Whether or not there is a selective solution of 
the aragonite or whether there is a transformation of aragonite to calcite 
after the death of the organisms is not known. As was pointed out in 
the discussion of globigerina ooze, much of the fine material is composed 
of minute calcite crystals which apparently arise from the mechanical 
disintegration of the foraminiferal skeletons and are not* due to any 
process of reprecipitation. Finely divided calcium carbonate is found 
on certain shallow banks in low latitudes, such as the Bahama Banks. 
This is in the form of aragot^te and is thought to have been precipitated 
directly from sea water without the immediate participation of organic 
agencies (Vaughan, 1924, Smith, 1940). The presence of small amounts 
of authigenic dolomite, that is, the form of carbonate containing equal 
proportions of calcium and magnesium, has been reported by Correns 
(1937, 1939) for the pelagic deposits of the Equatorial Atlantic. No 
satisfactory explanation has yet been advanced to account for the exist- 
ence of calcium carbonate in the form of aragonite under one set of 
conditions and as calcite under another. 

The precipitation or solution of calcium carbonate is controlled by 
the degree of saturation of the water under a given set of conditions. 
Although the conditions which favor either precipitation or solution of 
calcium carbonate are known, it is impossible to state definitely for a 
given set of conditions whether the water is saturated with calcium 
carbonate or whether precipitation or solution may take place. The 
supply of calcium carbonate by rivers is relatively large and therefore 
it is reasonable to assume that conditions closdy approaching saturation 
must prevail. 

In most discussions of calcareous sediments the emphasis is placed 
upon the percentage of calcium carbonate rath«r than upon the character 
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ci tile calcareous matoial. We are tiierafore immediatcty ooofnmted 
by the problem of relative rates of d^podtion of calcareous and noor 
calcareous materials, and there is not necessarily any corrdation between 
the rate oi accumulation of calcareous material and the percmitafe of 
calcium carbonate in a deposit. Under certain circumstances the burying 
effect of the noncalcareous mateiial may tend to preserve calcareous 
mideiial which otherwise might dissolve, hence it is necessary to ctmsider 
not only the relative rates of accumulation but also the absolute rates of 
deposition. The noncalcareous material is generally of inorganic or^n 
except in those localities where appreciable amounts of siliceous organic 
remains accumulate. The supply of inorganic material is greatest along 
continental coasts, off the mouths of rivers, and where volcanic material 
and air-borne dust are abundant. In general, the supply of noned- 
careous material decreases with increasing distance from the land and, 
on an average, there is a tendency for the calcium carbonate content of 
the sediments to increase away from the coast. Even if the absolute rate 
of deposition of calcareous material were uniform over the mitire sea 
bottom, tirere would be marked regional differences in the percentage ci 
calcium carbonate found in different localities owing to the differences in 
the rates of supply of noncalcareous material. However, as will be 
shown in the following paragraphs, the rate of deposition of calcareous 
material is far from uniform. The calcareous remains are generally 
of relatively large siae and may therefore accumulate in environments 
where transportation by currents can remove the fine-grained inoiganic 
debris. Consequently, hig^y calcareous deposits may occur on topo- 
graphic highs, whereas in deeper basins the more rapid deposition of 
inorganic material may dilute the calcium carbonate. 

In chapter VI (p. 207) it was shown that conditions favorable for the 
precipitation of calcium carbonate are most likdy to occur in water 
having high temperature and high salinity and where the activity of 
plants has reduced the carbon dioxide content of the water. Such 
conditions are found in low latitudes over shallow bottoms, but apparentiy 
in a few localities only does such precipitation occur. Smith (1940) 
has described the precipitation of aragonite that occurs on the Bahama 
Banks (see also VaugW, 1924) and has pointed out that there the 
process is facilitated by seeding with the minute aragonite ciystals stirred 
up from the bottom. 

Precipitation through organic agencies does not require that tiie sea 
water be satumted with caldum carbonate. However, depotits hig^ 
in calcareous skeletal structures are generally restricted to areas where 
the plqrsical-chemical environment is such that the ionic product 
ICa^l X ICOr] is large (see p. 206). The photoqmthetie activity of 
plants, which imnoves embon dioxide from solution and hmice tends to 
increase the cmcentratacm of COi~ ions, offers a rimide m e o h a ro s m for 



1000 


MARINE SEDiMENTAHON 


devdopmott of oalcaroous structures in plants. In some eases algae 
are found with calcareous encrustations appm^ntly formed by the more 
or less aoddental precipitation of carbonate. The mechanism by which 
marine animals are able to secrete calcareous structures is as yet unknown. 

Transportation is of less importance to the distribution of calcareous 
material than to that of certain other constituents of the sediments. 
The benthic forms are large and can be moved only by the action of 
waves or extremdy strong currents. However, wave action, boring 
organisms, and orgairisms which feed on t^e bottom mud tend to break 
down the larger fragments and, in this w^, coral sands and muds are 
formed. Such a breakdown may favor a certain amount of solution. 
Agencies of lateral transportation are not very important even for those 
pelagic forms which live in the upper layers, since their skeletons sink 
quite rapidly and are not transported far from the region of development. 

The potential supply of calcareous material to the bottom is dependent 
upon the production of calcareous forms either in the plankton of the 
overl 3 dilg water or among the benthic organisms. However, a certmn 
amount of solution may take place alter the death of the organism and 
may occur either while settling through the water or on the sea bottom. 
Whether or not solution will take place depends upon the physical- 
chemical conditions prevailing in the water but, as the exact ^alue for the 
solubility product is as yet unknown, it is impossible to state whether 
or not the waters of the oceans are saturated with calcium carbonate. 
Earlier studies lay particular emphasis upon the solution which takes 
place while the calcareous material is settling through the water. Exam- 
inations of the vertical distribution of calcium and alkalinity in the 
Pacific and Atlantic Oceans show that usually the lowest values are 
found in the ,8urface layer where a certain amount of precipitation, 
probably through organic agencies, has taken place. Within this surface 
layer the concentrations are approximately the same in both the Atlantic 
and the Pacific Oceans, but at greater depths the existing data indicate 
that the waters of the Pacific contain somewhat more calcium and have 
a higher alkalinity :chlorosity ratio than those of the Atlantic. The 
larger values in the Pacific can probably be correlated with the lower 
oxygen content of the intermediate and deep water. The consumption 
of oxygen at subsurface levels is accompanied by an increase in the total 
carbon dioxide and therefore tends to favor the solution of any cal- 
careous material which may settle through the water. However, it 
should be remembered that the consumption of oxygen, hence the produc- 
tion of carbon dioxide in deeper waters, is independent of the supply of 
calcium carbonate settling from above. Therefore we may expect that 
in certain localities the subsurface waters are undersaturated, whereas 
in other ueas where there has been an adequate supply of calcareous 
material the deeper waters may be completdy saturated with calcium 
carbonate. 
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Calcareous matraial on {he sea bottom is exposed to the water, and 
if the water is undersaturated must pass into solution. In the presence 
of calcareous material there must be a sone within which the water is 
saturated with calcium carbonate and additional solution can take place 
only when this water is replaced by currents or by eddy diffusion. The 
rate at which calcium carbonate can be dissolved ther^ore depends 
upon the character of the flow and tiie gradients which are established 
and which for a {pven set of conditions cannot .exceed a certain upper 
limit. If the rate of supply of calcium carbonate is greater than the 
rate at which the dissolved material can be carried away there will be 
a net gain in the amount of calcareous material and, consequmitly, 
accumulation will take place. If the supply is less thmi the rate at 
which it can be dissolved there will be no accumulation of calcareous 
material although considerable amounts may fall to the sea bottom in 
that locality. Besides the solution which may take place if the overlying 
waters are undersatxu^ted, the production of carbon dioxide on the sea 
bottom, a result of the decomposition of organic matter, will favor the 
solution of calcareous material. Even if the overlying water is saturated 
with calcium carbonate this process will lead to a certain amount of 
solution. The number of benthic organisms is largdiy determined by 
the supply of decomposable organic matter and, in addition to the 
production of carbon dioxid», their activities in burrowing and as mud 
eaters will favor the breakdown of calcareous material. Extensive 
observations by Wattenberg in the Atlantic Ocean show a characteristic 
increase in the alkalinity :chlorosity ratio immediately over the bottom, 
which indicates a certain amount of solution of calcareous material. 
Furthermore, Wattenberg’s data show a decrease in the dissolved oxygen 
content immediately adjaient to the bottom, indicating active production 
of carbon dioxide. 

Calcium carbonate is most like!' to dissolve in water which has come 
from high latitudes and in which '•he carbon dioxide content has been 
increased by oxidatitc processes. Water from high latitudes fills the 
great ocean basins below depths of a thousand meters or more. In some 
parts of the South Atlantic Ocean there is a fairly well-defined northward 
flow of water immediately over the bottom and, according to the results 
of the Meteor expedition, such areas are poor in calcium carbonate. As 
tho water moves toward the Equator it undoubtedly takes up more 
calcium carbonate and can therefore dissolve less and less, for which 
reason alone we may expect to find calcareous sediments in low latitudes. 
In areas of large organic production where there is an abundant supply of 
organic matter to the sea floor, as along coasts where there is upwelling, 
and in areas of diverging currents and active winter mixing in high 
latitudes, we may expect to find sediments rather low in calcium car- 
bonate because of the large amount of solution which can take plaoe 
on the bottom. 
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The Dittribwiiofi of Coiduin Corbonote 

The distribution of caldum carbonate in pelagic deposits has already 
been discussed in some detail. In fig. 268 the percentage of calcium 
carbonate in the superfidal layers of the sediments is shown without 
regard to the type of depodt or to the depth. This map, which is based 
on that of Trask (1937), shows only the 10 per cent and 50 per cent 
contours. However, as pointed out before, the transition from sediments 
low in carbonate to those high in calcareoui| material usually occurs in a 
rdativdy short distance. The 30 per cent contour which limits the 
pdagic calcareous deposits from the red clay and siliceous types is shown 
in fig. 253. Trask’s map has been revised to take into account more 
recent data, from Schott (1939a) for the Indian Ocean, Revelle (1936) for 
the Pacific Ocean, and Correns el cd (1937) and Pratje (1939) for the 
Atlantic Ocean. Figure 258 shows that sediments containing more than 
50 per cent calcium carbonate are restricted to latitudes lower than 60 
degrees except in the North Atlantic, where calcareous sediments extend 
considerably further north. A comparison of figs. 253 and 258 shows that 
there is no abrupt, change in calcium carbonate content with distance 
from shore that would correspond to the transition from terrigenous to 
pelagic deposits. The sediments near shore and in enclosed areas are 
by definition described as “terrigenous,” but as can be seen from fig. 258 
no such demarcation exists in the distribution of calcium carbonate. Off 
most continental coasts within low latitudes there is an increase in calcium 
carbonate content with increasing distance from the coast. This is 
particularly marked in regions where there is a transport of cold water 
from high latitudes and upwelling. as off the west coast of South America. 
Furthermore, in regions where there is an abundant supply of inorganic 
material as along coasts of heavy rainfall and off the mouths of rivers, 
the carbonate content is generally low. One of the striking features of 
the carbonate distribution is the very low values found iu the North 
Pacific. A possible explanation for this anomalous distribution will be 
discussed below. It will also be noted that the carbonate content of the 
deeper parts of the ocean basins is generally low. 

Trask (1937) has studied the distribution of the percentage of calcium 
carbonate in marine sediments to determine the relationships between 
surface tmperature, surface salinity, depth, distance from shore, and 
the calcium carbonate content of the underlying sediments. This 
statistical study showed a positive correlation between the carbonate 
content and the salinity of the overlying surface water. When salinities 
were less than 34 Voo the carbonate content was generally less than 5 per 
cent, whereas in regions where the surface salinity exce^ed 36 Voo the 
calcium carbonate was generally greater than 50 per cent. The calcium 
carbonate content also increa^ vdth increaring surface temperature 




I. Ftorcenbige of caleium carbonate in marine aedimenti. (Modified from Trade, 1937 ) 
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but deore*aed with depth in deeper Wnter. In genn^, nawnhore sedi* 
ments have consideraUy Konaller contmta of calcium carbonate than the 
pelagic deposits although this rdation will not necessarily hold in low 
latitudes. The corrdation obtained by Trask between the carbonate 
content dF the sediments and certain conditions in the surface layers 
indicates the importance of the potential supply of calcareous material. 
Surface conditions are, in gener^, no indication of those which prevail 
at lower levels and which would determine whether or not the calcareous 
material would redissolve while sinking df after reaching the bottom. 
That is, the agreement which Trask obt^ed between the carbonate 
content of the sediments and the temperature and salinity conditions 



Fig. 259. Percentage of calckim carbonate in marine eediments aa a function 
of depth. (4.) Areragee for pelagic sediments from the North Pacific (lO'N to 
fiO^N), South Pacific (50°S-10'’N), and from the Atlantic Ocean. (B) Averages for 
pelagic sediments from the Atlantic and Pacific Oceans and from all oceans, and the 
average curve fo( nearshore deposits. (C) Averages for all types of sediments from 
the Atlantic and the Pacific Ocean. 

in the surface waters merely emphasizes the fact that calcareous deposits 
will accumulate in areas where the conditions favor the development of 
carbonate-secreting organisms. 

Revelle (1936) examined the distribution of calcium carbonate in the 
sediments of the Pacific Ocean with reference to the variations with 
latitude and depth. The average values arranged according to latitude 
and depth for the pelagic deposits are shown in table 114. The decrease 
in carbonate with increasing latitude, that is, decreasing surface tem- 
peratures, and the small percentages found at greater depths are readily 
seen. It will also be noted that the calcium carbonate content of sedi- 
ments from the North Pacific is less than that of material from the 
corresponding range in latitude and depth from the South Pacific. The 
marked decrease does not take place exactly at the £!quator, but appar- 
ently at about 10°N. The curves obtained when these data are averaged 
in two groups, one for the North Pacific between lO^N and SCTN, and 
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another from 60% to 10*N, are shown in fig. 260A. The number of anal- 
yses available are indicated in parentheses. The average content for the 
northern sediments is very low at all dqtths bdow 3000 m. In the Sooth 
Pacific the values exceed 60 per cent caldum carbonate down to about 
4000 m and then drop off very sharply, but even at greater depths the 
carbonate content exceeds that of the sediments of the North Pacific. 
For comparison the curve for pelagic deposits of the Atlantic Ocean 
(after Pia, 1633) is included. At depths less than 3000 m the curves for 
the Atlantic Ocean and the southern portion of the Pacific Ocean are 
rather similar, but the carbonate content of pdagic sediments at depths 
greater than 4000 m is somewhat larger in the Atlantic Ocean. 


Table 114 

AVERAGE PERCENTAGE CALCIUM CARBONATE CONTENT OF PACTFIC 
OCEAN PELAGIC SEDIMENTS 
(Arranged by depth and latitude. After Revelle, 1936 ) 


Depth 

Latitude 

range 






mm 


m 

■■ 


(meters) 

60°- 

40*- 

30*- 

20*- 


H 

10*- 



40*- 


40*8 

30*8 

20*8 

10*8 

iO 0-0 

■ 

20*N 


40*N 

50*N 

0-1000 






41 0 





1000-2000 



94 0 

74 4 

75 0 

38 4 





2000-3000 

82 0 

74 7 

63 5 

65 9 

68 0 

57 8 

32 5 

18 0 

22 0 


3000-4000 


63 6 

53 4 

72 3 

54 0 

49 4 

0 6 

11 7 

56 0 

6.0 

4000-5000 

37 5 

18 8 

17 9 

19 9 

47 5 

55 9 

17 6 

1 9 

1 8 


>5000 



0 0 

16 0 

10 7 

24 7 

1 0 

0 8 

0 6 

0 5 


The data in fig. 259A are presented to emphasize the differences 
between the average calcium carborate content as a function of depth in 
the North and South Pacific and in the Atlantic Ocean. In fig. 259B the 
tuive for the pelagic deposits of the Atlantic Ocean is repeated and 
the average for the Pacific Ocean as a whole is shown. Also included in 
this diagram are Trask's data for pdagic deposits which represent an 
aveiage for all oceans. In addition, a curve based on Trask's average 
for nearshore sediments is included to show the lower calcareous content 
of terrigenous deposits. It is im.oediately noticed that the Atlantic 
Ocean is high in percentage of calcium carbonate compared to the 
Pacific. In fig. 259C are shown the vertical distribution of the per- 
centage calcium carbonate where all samples, both terrigenous and 
pelagic, are combined. The data for the Pacific are from Revelle (1936) 
and those for the Atlantic are from Pia (1933). Lnfortunatdy, Trask's 
data have not been combined to give a grand average for both nearshore 
and pelagic sediments. The differences between nearshore and pelag^ 










1006 


MAMNe SEDiMB4TATION 


sediments and tlie variations in tiie mdcium carbmiate content of the 
sediments of the different oceans demonstrate that a number of factors 
othm* than dq>th and distance from shore control the carbonate content 
of the sedimmits. 

The extreme and the average carbonate contents of the various types 
oS marine sediments have been given in table 108. Vaughan (1924) 
calculated the average calcium carbonate content of marine sediments 
from the ChaUenger values for the different types erf deporits and the area 
covered by each type. In this way the following values were obtained: 


Ayerage, all deposits 32.2% CaCOi 

Averace, pelagu: deposits 33.4% CaCOi 

Average, terrigenous deposits 24.6% CaCX>i 


More complete data concerning the calcium carbonate content and the 
areal extent of the different types of deposits would modify these values 
somewhat. The data presented in fig. 259 can be used to estimate the 
average calcium carbonate content when the area represented by the 
different depth intervals is known (table 5, p. 21). Trask’s figures for 
the calcium carbonate content of the pelagic deposits when treated in 
this way give an average of 37 per cent CaCOt. The data for the 
Pacific and the Atlantic (fig. 2596) give averages of 27 per-cent and 54 
per cent, respectively. When all types of sediments are combined 
(fig. 2fi9C), we obtmn an average of 18.8 per cent CaCOj for the Pacific 
Ocean and 41 per cent for the Atlantic Ocean. The available data 
therefore indicate that the average calcium carbonate content of pelagic 
deporits is about 37 per cent and for terrigenous sediments about 25 per 
cent. Owing to the greater frequency of sampling in intermediate and 
low latitudes, the values for the terrigenous sediments may be somewhat 
hi^. The data in Clarke (1924, p. 34) indicate that the mean value for 
fossil-bearing shallow-water deposits is probably about one half of this, 
namely 12.5 per cent. 

It should be pointed out that the averages given above are those 
for a superficial layer of the marine deposits and represent the averages 
for a certain thickness, regardless of the rate of deposition. The average 
obtained in this way, therefore, does not correspond to the ratio between 
the cidcareous and noncalcareous material which may be carried to the 
sea. In order to obtain a balance sheet for the supply and deposition it is 
necessary to take into account the relationship tetween the rate of 
deporition and the calcium carbonate content. As shown on p. 1036, the 
terrigenous sediments accumulate much more rapidly than the pdagic 
deposits and, because of their lower calcium carbonate content, the ratio 
of the rates of accumulation of calcareous and non-calcareous material is 
1:5.2, that is, the percentage of calcium carbonate in the total annual 
sedimentation is 19 per ceut. 
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It is impoadble to discuss the pattern of distributioii of perooitage 
of ealchun carbonate in detail, and only a few of the major features mm be 
considered. These are (1) the higher calcium carbonate content of the 
sediments of intermediate and low latitudes and the somewhat aaomalouis 
northward extension of c^careous sediments in the North Atlantic, (2) 
the decrease in calcium carbonate content with increasing depth in 
pelagic deposits, (3) the possible reasons for the difference between the 
carbonate content of the sediments in the Atlantic and the Pacific 
Oceans and between those in the North and South Pacific. Owing to the 
incomplete understanding of the processes involved, only the general 
character of the controlling agencies can be pointed out. 

The contrast between the calcium carbonate content of the sediments 
in intermediate and low latitudes on one hand and in high latitudes on the 
other is undoubtedly related to the higher production of calcareous forms 
in low latitudes. In fact, there are virtually no calcareous planktonic 
forms found in high latitudes. Another factor which may contribute to 
the difference is that of solution of the calcium carbonate either in the 
water or after it has reached the bottom. As shown elsewhere, con- 
ditions favorable for the solution of calcium carbonate are characteristic 
of high latitudes in contrast to those in low latitudes. The rdative rate 
of accumulation of noncalcareous material may play some part in 
determining the general distribution, but it is considered as secimdary 
compared with the absolute rate of supply of calcareous material. 

The decrease in the percentage of calcium carbonate with depth in 
pelagic deposits may be attributed to a number of factors. Possibly the 
most important is the effect which topography will have upon the 
deposition of extremdy fine-grained inorganic debris. Such debris will 
tend to accumulate in depressions where it will be deposited more rapidly 
than upon topographic Ughs, and hence will tend to dilute tihe calcium 
carbonate. Two other factors must be considered. The first of these, 
namely the amount of solution during sinking, has been considered to be 
an important factor since the material which is deporited at great depths 
has to pass through a longer column of water and is therefore exposed to 
the solvent action for a longer period. The second factor is that of 
solution on the bottom. If there is a greater supply of decomposable 
organic material to the deep basins, the larger production oi carbon 
dioxide may tend to dissolve marc of the calcium carbonate which 
reaches the bottom. All of these factors may be effecrive in determining 
the decrease in the percentage of caldum carbonate with increaring 
depth ^ the opea. ocean. 

In order to present any explanation for the differmice in character 
betwemi the sediments in the Atlantic and Pacific Oceans and the sedi- 
ments of the North and South Pacific, it is helpful to return to the con- 
cept of riie stationary distribution of properties in the water. As 
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pointed out dsewhere, there are differ^ces in the calcium content of the 
waters of the two oceans, and posdbly a siinilar difference exists between 
the waters of the North and South Pacific. Although this may be 
related to the deposition of calcium carbonate it must be remembered 
that if stationary conditions prevail the rate of accumulation must be 
equal to the rate of supply calcium carbonate by rivers and runoff. 
Since the material is in solution, it is csurried by the currents and the site 
of deposition may be far removed from the immediate sources of material. 
This transport is not so probable in the d^e of the noncalcareous inor- 
ganic material, which will tend to settle odt in a manner determined by 
its texture and the character of the water movements. The simplest 
explanation for the difference between the sediments of the Atlantic 
and the Pacific would be to state that the ratio of calcium carbonate to 
noncalcareous material is different in the waters carried to the two oceans. 
The alternative explanation is that there is an actual net transport of 
calcium from the Pacific to the Atlantic Ocean. This is consistent with 
the fact that the subsurface waters of the Pacific are higher in calcium 
than those of the Atlantic. 

It is more difficult to offer any definite reason for the difference 
between the North and the South Pacific. Most of the supply by rivers 
is actually in the North Pacific, therefore there must be a neUtransport of 
calcium across the Equator. The lower calcium carbonate content of the 
sediments may be due to the greater relative rate of accumulation of 
noncalcareous material or to the slower relative rate of deposition of 
calcareous material. Conditions within the water itself may also play a 
part. The deep-water circulation of the Pacific is such that the water 
flowing in from the south must ultimately turn around and flow south 
again (p. 752). There hi a general decrease in the oxygen content and, 
hence, an increase in the carbon dioxide content from south to north. 
Therefore, conditions in the North Pacific may be more favorable for the 
solution of calcium carbonate both in the water and on the bottom. 
Further studies of the chemistry of the waters and more adequate 
knowledge of the solubility of calcium carbonate will make possible a 
more exact analysis of these various factors. 

ORGANIC AAAnER 

Quantity and Character of Organic Matter in Marine Sediments 

The term organic matter is used to designate that portion of a .sediment 
which has arisen through organic actmty and which contains carbon 
in any form other than carbonate. Because it is somewhat analogous to 
the humus fraction found in soils it may be termed ‘'marine humus.’* 
Sometimes the expression decomposable organic matter is used to indicate 
that the material may be destroyed by organisms, particularly by 
bacteria. 
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The quantity and character of organic matter in marine sediments 
has been studied by a number of workers whose findings have been 
reviewed by Trask (1932, 1939). Althou^ the organic matter rarely 
forms more than a small percentage of the sediments, it has received 
considerable attention for the following reasons: 

(1) The organic matter settling to the sea bottom in deep water is the 
only source of food for benthic animals and bacteria. Hence tbe quan* 
tity in the sediment and, particularly, the rate of supply in any locality 
will have a profound effect upon the population of bottom-living 
organisms. 

(2) The presence of organic matter and the changes brought about by 
organic activity, principally bacterid, influence the physical and chemical 
conditions which prevail in the sediment. These in turn may affect the 
character of the bottom fauna and the nature of the depoat. 

(3) The burial of the organic matter implies the removal from the 
water of carbon, nitrogen, and possibly other elements originally in 
solution. 

(4) Organic matter in sedimentary formations is considered to have 
been the source of petroleum. This theory has stimulated most of the 
investigations on the organic-matter content of recent sediments, as it 
has been thought that they would yield results which could be applied to 
the study of the source beds of petroleum and in the search for new oil 
fields. 

The organic-matter content of pelagic sediments is approximately 
1 per cent. Nearshore sediments generally contain somewhat larger 
amounts and average about 2.5 per cent. The extreme range is from less 
than 0.5 to more than 10 per cent. According to Trask (1939) the sedi- 
ments of the North Pac'*'c contain from 1 to 1.5 per cent, those of the 
South Pacific from 0.4 to 1.0 per cent, and those of the Atlantic from 0.3 
to 1.5 per cent. The high values are found in bays and estuaries, in 
isolated basins near shore, in fjords, and in such landlocked re^ons as the 
Black Sea. Trask (1932) summanzed the data available at that time 
concerning the distribution of organic matter in different areas and in 
different types of environments. Since then Gripenbeig (1934) has 
investigated the Baltic Sea, Strom (1936) has made detailed studies of 
the Noiwegian fjords, and Revelle and Shepard (1939) have reported on 
the conditions off the coast of California. The MeUor samples from the 
equatorial Atlantic have been discussed by Correns (1937, 1939) and the 
Carnegie samples of the Pacific were studied by Revdle (1936). WiMi&ataxk 
and Bennett (1940) have reported on the conditions in the Aralnan Sea. 
Trask (1939) has again summarized the existing knowledge and pven 
many r^erences to detailed studies. 

The quantity of organic matter may be estimated in various ways. 
The determination of the noncalcareous carbon by rither wet or dry 
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combustion is difficult and time^onsuming. Instead, the nitrogen, 
which is a good index of the organic content of the samples, is commonly 
measured by some form of Kjeldahl anal 3 rsis. Trask has described 
various indirect methods which can be used to estimate the approximate 
organic-matter content of marine sediments. These are loss of weight 
upon ignition under controlled conditions, the amount of material which 
can be volatilised when heated under nitrogen, and the texture. In the 
southern California area Trask showed that there is an inverse relation- 
ship between the organic-matter content and the median diameter of 
the sediments. 

Little is known concerning the chemical composition of the organic 
matter in marine sediments. Carbon forms from 50 to 60 per cent of the 
material, hence the ratio of organic matter to carbon varies between 1.67 
and 2.0. Trask recommends the ratio of 1.8, which corresponds to a 
carbon content of 56 per cent. Various factors have been shown to 
influence the ratio. Plant material has a somewhat higher ratio than 
organic matter of animal origin and under stagnant conditions the ratio 
is lower than average. The nitrogen content of the organic matter is also 
affected somewhat by the source of the material and the conditions pre- 
vailing in the sediment. The carbon : nitrogen ratio varies between 8 and 
12 and averages about 10, with the extreme values found by Trask as 

5.5 and 20. Wiseman and Bennett (1940) found an even greater spread 
in the ratios, and for this reason do not consider nitrogen as an adequate 
measure of the organic matter. The average recommended by Trask is 
10, which implies that the organic matter contains 56 per cent carbon and 

5.6 per cent nitrogen. The organic matter which accumulates on the sea 
bottom represents the more or less resistant fraction of plant and animal 
origin. Although no specific compounds have been isolated it is possible 
to obtain some idea as to the character of the compounds by making 
selective extractions and analyses. The protein content is estimated by 
multiplying the organic nitrogen by the conventional factor of 6.25. 
Extraction with a fat solvent, such as ether or carbon tetrachloride, is 

Table 115 

COMPOSITION OF PLANKTON AND ORGANIC MATTER IN SEDIMENTS 

(From Trask, 1930} 


Crude Ether Carbo* 
protein extract hydrates 

14 1.6 ssr 

29 8 68 

65 8 28 

70 10 20 

40 1 47 


Organic-matter source 


Peridineans 

Diatoms 

Copepo^ 

Higher invertebrates 

Organic matter in marine sediments 


Crude 

fiber 
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made to determine the fatty materials present. By subtrae^tg tibte pro* 
tmn and ethernsoluble material from ^ total amount of mrgaido mattor 
the carbohydrate fraction is determined. Tables 115 and 116 (from 
Trask, 1939) show the character of the organic matter in various types of 
organisms and in marine sediments. 

The ultimate source of the organic matter is within the euphoric sone, 
either in the sea or on land. The original plant material may find its 
way to the sea bottom or it may have undergone transformation, into 
animal remains or their waste products or it may have been converted 

Table 116 

ELEMENTARY COMPOSITION OF PLANKTON AND ORGANIC 
CONSTITUENTS OF SEDIMENTS 
(From Trask, 1930) 


Organic-matter source 

Percentage by weight 

Ratio of 
organic 
matter to 
carbon 

Carbon 

Nitrogen 

Hydrogen 

Oxygen 

Peridineans 

45 

3 

7 

45 

2.2 

Diatoms 

50 

6 

8 

36 

2.0 

Copepods 

50 

10 

8 

32 

2.0 

Marine sediments 

56 

6 

S 

30 

1.8 

Lithified sediments 

ti 

4 

9 

23 

1.6 


into bacterial cell structure before it is deposited. Organic matter 
produced on land may play a relatively important role in bays and 
estuaries and in areas of excessive runoff and low plankton produerion, 
such as the Baltic Sea fOripenberg, 1934). Rafts of land vegetation 
may be carried away from the coast and fragmmits of these may settle to 
the sea bottom. In shallow water, particularly in relativriy istdated 
environments, such attached aquatic plants as eel grasses Itove been 
shown to be important sources of organic matter (p. 303). However, for 
the ocean as a whole, the supply of organic material from Imid and from 
the attached plants is relatively insignificant and of local importance 
only, and it is the planktonic photoqmthetic organisms which are the 
chief source of organic matter for marine sediments. 

Since the potential supply to the bottom depends upon the production 
within the upper layers, there mxist be regional differmmes in the amount 
of organic matter in sediments rriated to the variations ha tiie production. 
The organic material is light and sinks slowly, and it bdiaves ha a inanimr 
similar to the finer fractions of the solid material. This leemnMance is 
shown by the inverse rriarionship between the oripmioHuattar content 
and the median diameter of the sediments in nearshore areas (Trask, 
1982, 1939, Beveile and Shepard, 1939). 
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Th« cycle of regieiiiemtiMi ot the cAemoite involved in organic proceeses, 
that is, of decompontion of organic matter, has been described. It was 
shown that regeneration is relatively complete and that probably the 
greater part of the organic matter pt^uced by the plmxts is mineralised 
before reaching the sea bottom. Ilm amount of decomposition that will 
take place within the water depends upon a number of factors, such as the 
rriation between plant production and consumption by the animals, the 
number and type of bacteria, and such other characteristics as the tem- 
perature of the water. The destruction of organic matter is a time- 
consuming process and will depend not ohly upon the organic activity 
but idso upon the period during which such action can take place. For 
this reason the depth of water through which the organic matter may 
sink must be considered. The deeper the water, the longer the interval 
required to reach the bottom and the more likely the organic matter is 
to be destroyed. The presence or absence of dissolved oxygen in the 
water may have a profound effect upon the fate of the organic matter 
produced in the surface layers. In stagnant waters the destruction of 
organic material is not as complete as under oxidizing conditions and, 
hence, will tend to favor the deposition of organic matter on the sea 
floor. The factors that contribute to the development of stagnation are 
discussed elsewhere (p. 1026). One of these is the abundant supply of 
organic material to the sea bottom in the absence of an adequate supply 
of oxygen; hence an abundant supply of organic matter tends to favor its 
own preservation. 

Thus far, we have considered only the agencies operating within the 
water column. After reaching the sea bottom and even after burial, the 
transformation and destruction of organic matter by the bottom fauna 
and microorganisms is continued. The character and extent of these 
changes is ^^n largely dependent upon the presence or absence of dis- 
solved oxygen. The amount of organic matter reaching the bottom will 
tend to determine the number of benthic animals and microorganisms. 
In the absence of free oxygen only anaerobic organisms can thrive, hence 
the processes operative will be of a character dependent on this situation. 

The relative rate of deposition of organic matter when compared with 
the nondecomposable material contributed to the sediment is an impor- 
tant factor. Although the supply of organic matter may be identical in 
two areas, the concentration and character of the material in the sedi- 
ments may be profoundly different if there are different rates of deposition 
of the nondecomposable material. The latter will tend to dilute the 
organic matter and, furthermore, in areas of rapid deposition, burial soon 
after reaching the sea floor reduces the destruction by benthic animals. 
As emphasized dsewhere, the physical-chemical environment immedi- 
ately at the surface of the sediment may be quite different from that only 
a few centimeters beneath. Where deposition is rdativdy n^nd and, 
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particularly, where the rdative sui^^ <rf organic mattor ie large, the 
oxygen may be completely lacking immediatdly beneath the surface. 
Therrfore, once buried, there is greater likdihood of presenmtion of the 
organic matter. The effect of texture also outers in this connection; 
since coarse-grained sediments are more permeable fine-grained 
material, there is a greater possibility of preservation in deposits which 
are of small median diameter. 

From the foregoing discussion it is obvious that the environment of 
deposition, that is, the biological and physical-chemical conditions on 
and in the sediment, are probably the most important factors in determin- 
ing the distribution of the organic matter. If conditions are established 
which are favorable to the preservation of organic matter, these will tend 
to be mmntained. 

To summarize the above generalizations, the following conditions 
will favor the formation of sediments rich in organic matter. 

(1) An abundant supply of organic matter. 

(2) A relatively rapid rate of accumulation of inorganic material, 
particularly if fine-grained. 

(3) A small supply of oxygen to the waters in contact with the sedi- 
ments. The most extreme development of such conditions may be found 
in basins and landlocked regions where stagnation exists with the resulting 
exclusion of animal life. 

The following factors will tend to favor the destruction of the organic 
matter and the formation of sediments low in organic material: 

(1) A small supply of organic matter. 

(2) Relatively slow rate of accumulation of nondecomposable 
material. 

(3) An abundant supply of oxygen. 

With the above-mentioned points in mind, some of the 'differences in 
distribution of organic matter in oceanic sediments can be explained. 
The slow deposition under oxidizing conditions, characteristic of the 
pelagic sediments, leads to a relatively complete destruction of the 
organic matter, whereas in nearshore areas where deposition is rapid and 
in basins where stagnant conditions prevail, a much larger percentage of 
the organic matter may escape destruction. Furthermore, the absolute 
supply is probably smaller in oceanic areas than in the coastal regions 
wWe the organic production is generally greater. 

Dhtribufion of Oroank Matter 

Within restricted areas where the supply of organic matter to tiie 
bottom may be considered constant, it is possible to attribute local 
irr^pilarities in the organic-matter content of the sediments to the 
effects of transporting agencies and topography. For example, in 
the southern California area (fig. 260) the organic content is low on the 
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Fig. 260. The distribution of organic nitrogen in the sediments off the southern California coast. Compare wh 
Revelle and Shepard, 1939, in Recent Marine SedtmeniSt edited by Parker O Trask. American Association of Petr 
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ridgea cad banks and high in tbe depresnons and badns. These differ* 
ences may be attributed to the more active benthic fauna that inhabit 
the topographic highs and the effects of currents which sweep the finely 
divided organic matter and the fine-grained sedim^ts into the depres- 
sions. Tbe latter environment favors the preservation ci the organic 
matter. 

The organic-matter content of terrigenous deposits is on the average 
hitdier than that of the pelagic deposits. According to Trask (1939), 
the averages are 2.5 and 1.0 per cent, respectivdy. As shorm dsewhere 
(p. 1036), the rate of deposition of pelagic sediments is much less than 
that of terrigenous sediments, hence organic matter accumulates much 
more rapidly in nearshore deposits than in those of the open oceans. 
Trask (1939) assumed that the production of organic matter was uniform 
over the entire area of the oceans and attributed the more rapid accumu- 
lation in terrigenous deposits to the fact that the environment was less 
favorable to the destruction of organic matter on the sea bottom. How- 
ever, the production cannot be assumed to be constant and the difference 
may be due entirely to the greater production in nearshore areas, par- 
ticularly in those where upwelling and mixing are active. Until addi- 
tional information is available concerning the differences in the supply 
of organic matter to the sea bottom it is impossible to evaluate the 
relative importance of supply and preservation as factors determining 
the organic content of the sediments. Correns (1937) attributes the 
higher organic content of the sediments near the African coast in the 
equatorial Atlantic to the larger production and, hence, greater potential 
supply in this region. Similarly, Wiseman and Bmmett (1940) attribute 
the higher organic content of the nearshore sediments in the northwestern 
part of the Indian Oceaii to the greater organic production in such areas. 

Among the pelagic deposits there is less range in organic matter 
content. The fragmentary data available indicate that diatom oozes 
are the richest, followed by red ciay and the calcareous oozes. Terri- 
genous diatomaceoas deposits such as those in the Gulf of California 
(Revelle, personal communication) are among the richest group in thmr 
content of organic matter and may contain more than 10 per cent. 

Studies of the variations in organic-matter content with depth and 
distance from shore generally show maxima at intermediate depths and 
distances. In some cases this feature is associated with basin conditions, 
as in the southern California area; in others it may be ascribed to the 
greater production or more rapid accumulation of clastic material or a 
combination of such factors near shore. The coarse sediments of the 
beach and shelf are generally low in organic matter. 

Trask (1939) has summarized the organic content found in various 
types of shallow-water environments. These data show that shelf sedi- 
ments generally contmn between 2.0 and 3.0 per cent with hif^r values 
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(up to 5.0 or even 10 per cent) in depressions and on the eontinental 
slopes. Areas of upwelling are characteristically hi^. Inland seas are 
very variable. The Btdlic Sea (Gripenberg, 19^) contains between 1.0 
and 6.0 per rent, the Mediterranean, 1.0 to 3.0 per cent, the Gulf of 
Mexico about 2.0 per cent. Fjords and isolated basins, particularly 
stagnant ones, are generally very high (Strom, 1936, 1939, Retning and 
Revelle, 1939) and naay contain more than 20 per cent organic matter. 
River deltas are not very rich. Lagoons are very variable and reflect the 
character of the environment. Although gelagic calcareous deposits are 
poor in organic matter, shallow limestone deposits may contain 3.0 to 6.0 
per cent' organic matter. 

Within the marine sediments there is generally a decrease in organic 
content w'ith depth in the deposit. Correns (1937), Revelle and Shepard 
(1939), and Wiseman and Bennett (1940) have all reported this character- 
istic distribution. Within the upper 50 cm of the core as collected, the 
organic matter generally decreases to about two thirds of its value in the 
superficial layers. Irregularities in the content may usually be corre- 
lated with changes in the character of the deposit. The decrease is 
attributed to destruction due to bacterial activity after burial. The 
decrease in organic matter with depth in the sediment is accompanied by a 
marked decrease in the number of bacteria. Offhand, it i^ight appear 
that the residual organic matter is of such a type that it cannot be 
attacked by bacteria. However, this is certainly not true of terrigenous 
sediments, and the meager data indicate that the organic matter in 
pelagic deposits is also subject to bacterial destruction. When brought 
into the laboratory, marine sediments will support large and active 
bacterial populations which rapidly attack the organic matter (Anderson-, 
1939). Under, the environment prevailing in the buried sediment on the 
sea bottom, it is possible that biological activity has practically ceased. 
Nevertheless, viable bacteria are always present and if the environment is 
changed, say, by bringing the material into the laboratory, active growth 
and metabolism will result in the further alteration and oxidation of the 
organic matter. 

The percentage of organic matter has been shown to be inversely 
rdated to the texture and it has been pointed out that the oxidation- 
reduction potential may be related to the organic content. Various 
workers have drawn attention to relationships between the organic 
matter and other constituents of the sediments. Correns (1937, 1939) 
obtained a linear relationship between organic matter and calcium 
carbonate and concluded that the calcareous material contiuned about 
0.2 per cent organic matter and iMt the noncalcareous material oon- 
tained a constant proportion of organic matter. Correns' data also show 
a general relationship between the organic matter and the jfliosphate in 
the sediments. Revelle (1936), from an examination of the Cemegie 
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wmides from the Pacific Ocean, found a positive correlation between tiie 
radium content and the organic matter. 

SHAUOW-WATER AND NEARSHORE SB>IMB4TS 

The differences between sediments found in marginal and nearshore 
regions and those of the open ocean can be largely attributed to the 
great intensity of transporting agencies in shaUow water. In addition 
to the currents which are generally relatively strong in riiallow water, 
the surface waves create strong disturbances and play an important role 
in the nearshore environment. Many of the transporting agencies 
effective in shallow water are subject to intermittent fluctuations that 
may produce stratification of the sediments. Such vertical variations in 
the character of the sediments as are transitory and may be destroyed by 
the rising tide or the next storm are lacking in deep-sea deposits, where 
variations in the properties of the sediments represent environmental 
changes with tim«* over periods of a year to thousands of years. 

Because of the stronger currents, sediments in shallow water are 
generally coarser and better sorted than those of the open sea. The 
form of the coast line and the topographic irregularities of the sea bottom 
have marked effects upon the supply and transportation of the sedi- 
mentary debris, leading to great local variations in the character of the 
sediments found m shallow water. The following discussion will apply 
to the sediments u^on the shelf and also to those on the beach, unless 
specifically excepted. 

Water movements associated with surface waves probably do not 
extend below about 100 m and it is only in very shallow water and on the 
beach that their motion is violent. Waves breakiug on the shore are 
capable of transporting 'arge amounts of sediment. During storms the 
coarser material is thrown high on the beach above the normal hig^-tide 
level, while at the same time the lower part of the beach is eroded and 
a certain amount of material cai ned out below low-tide level. During 
periods of very large waves the whole beach may undergo temporary 
erosion. Between storms the smaller waves return sediment from 
shallow water to the beach (Shepard and La Fond, 1940) Rip currents 
that are associated with the waves contribute to the removal of sediment 
from the beach (Shepard, Emery, and La Fond, 1941). In the absence 
of currents, waves are not effecti^'e in transporting sediment parallel to 
the shore unless they strike the heach obliquely or unless there is a 
gradient in the sediment placed in suspensimi by the waves. 

The rise and fall of the tide once or twice each day change the 
level of attack of the waves on the beach. The upper part of the beach is 
exposed for longer or shorter periods, depending cm the elevation above 
mean-tide level. The beach profile and the character of the sedimmits 
are undoubtedly associated witii the range in tide, but no study of this 
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rdatiooahip has yet been made. The effect of the rise and faU of the tide 
extMids all the way across the shelf, because the lowering of the sea 
levd will increase the water motion at the bottom caused by waves and 
because of the currents associated with the tides, which may be relatively 
strong, particularly near the edge of the shelf (p. 567). 

The motion associated with semiperman^t currents, internal waves, 
eddies, and tsunamis has been discussed elsewhere and the roles of various 
types of water movements in sediment transportation described (p. 959). 
As moet currents have their greatest velocity parallel to the coast they 
tend to produce movement of sediment' alongshore. Transportation 



Fig. 261. Relation between texture of sediments and slope of beaches on the 
cast and west coasts of the United States. Median diameter in millimeten. (After 
data in U. S. Beach Erosion Board, 1933.) 

away from shore can be produced by waves and rip currents, and can 
take place where there is a gradient normal to the coast in the concen- 
tration of suspended material or where the slope of the bottom is such 
that the gravitational component facilitates movement down the slope 
and away from the coast. 

Supply of Seoimsktary Material. Beach and shelf deposits are 
predominantly of inorganic origin, and only in low latitudes along coasts 
of small runoff and around oceanic islands are the deposits higdi in organic 
calcareous debris. The nearshore aone is favorably located to receive 
terrigenous and volcanic material, both water-borne and carried by the 
atmosphere. In addition to these sources of terrigenous and videanic 
material, sethmentary material is supplied by erosion of the exposed coast 
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and shallow bottom. The wind may have a direct effect upon the boadhi, 
since the finer grains can be moved by wind action alone. Depending 
upon the strength the winds and tiieir prevailing direction, th«re may be 
a net motion of matarial along the beach, into the water or back onto 
the land. In the latter case traveling dunes may be produced. 

The profile of the beach, the texture of the sediments, and hence, 
indirectly, the compontion, are all closdy related and are determined 
such factors as the range in tide, exposure to waves and storms, and the 
character of the material forming the coast. The relationship between 
the slope of the beach and the median diameters of beach sediments on 
the east and west coasts of the United States is shown in fig. 261. 

It is commonly stated that the inner part of the shelf represents a 
wave-cut terrace and that the outer extension is a wave-built platform 
composed of the materials carried out from the land and eroded from the 
shallower depths. Although wave-built terraces may be accumulating 
in certain localities, they are not a common feature of the continentid 
shelf because (1) rock exposures are commonly found on the seaward edge 
of the shelf; (2) submarine canyons cutting across the shelf have steep 
and often rocky walls, even at the outer edge of the shdf; (3) the conti- 
nental slope is commonly too irregular to have been produced by the 
accumulation of a large amount of unconsolidated materiaL As only the 
fine material is transported far out to sea, the bulk of the sediment car- 
ried away from continental coasts must accumulate either on the shelf 
or on the continental slope. Considerable evidence has been gathered 
which indicates that little or no deposition occurs on the shelf. In any 
coastal area in which this is true there can be no selective sorting of the 
material while in transit across the shelf. If there is a net accumulation, 
sorting may take place, ;oaving the coarser grains in the shallower or 
more exposed localities. In general, the bulk of the inorganic debris 
must accumulate in depressions on the shelf or immediatdy beyond the 
continental slope. 

Beach and Shelf Sediments. Sediments of the beach and shelf 
show large vertical and lateral variations in texture. In terms of median 
diameters the range is from greater than 256 mm to less than 0.1 mm, 
namely, from boulders to fine silt. Numerous references to studies can be 
obtained in the symposium on Recent Marine Sediments (Trask, ed., 1939). 
Martens (1939) has summarised data on the textural characteristics of 
beach deposits from the eastern United States (table 117). These data 
show that the extreme range in median diameters is from 1.25 pun to 
.0.13 mm, but that the averages for different localities show a rdativdy 
hiwaU sfiread, namely, from 0.21 to 0.35 mm. The smidl co^dents of 
sorting emphasize the oftra stated fact that beach depodts are well 
sorted. The dcewness values greats than unity show the predomimmoe 
of the larger ipedes. Beach sedimoits on the Caiifomia coast dmw 



1020 MARINE SniMENTAIION 


comparable values. Except near mouths ol rivers sbortiy alter floods, 



Fig. 262. Average of median diameters 
of sediments from different depth sones in 
Santa Monica Bay, California. (From 
Sb^wrd and Macdonald, 1938.) 


beach deposits are eharactensti- 
cally well sorted. 

Sediments found upon the 
shallower parts the continental 
shelves and upon ridges and banks 
near shore do not differ apprecia- 
bly from those found on the 
bi^pch. In many localities there 
is k decrease in median diameter 
on leaving the beach, but such 
changes are by no means regular. 
This has been emphasized by 
Shepard and McDonald (1938) 
and by Revelle and Shepard (1939) 
for sediments on the Pacific coast, 
and by Stetson (1938) for sedi- 
ments on the Atlantic coast of the 
United States. In Santa Monica 
Bay, California, Shepard and 
McDonald founds a marked 
decrease in median diameter in 
shallow water within a few 


hundred feet of shore bt(t no correlation between particle size and 
depth for the bay as a whole (fig. 262). Stetson’s data from the shelf on 


Table 117 

TEXTURAL VARIATIONS OF BEACH SANDS FROM ATLANTIC COAST 

OF UNITED STATES 
(From Martens, 1939) 



South shore of Long Island 22 

New Jersey 37 

Del., Md., and Va. north of 

ChesapMke Bay 18 

North Cardina, and Virginia 
south of C3iesapeake Bay — 40 

South Carolina and Georgia. . . 9 

Florida 19 


Median 

diameter 

(mm) 


C!oefiicient Coefficient 
of sorting of skewness 


i i ^ 


s s 
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the Atlantic coast of the United States (fig. 268) show essentially winilar 
tsrpes of sediments which do not differ appreciably from those found on 
beaches. It is only in basins and depressions and sometimes on the 
outer part of the shelf that markedly different bottom is encountered. 
In such environments poorly sorted sediments of finer texture may be 
present. 

According to Stetson (1938, 1939) the past geological histoiy and 
the supply of materials, as wdl as depth, are important factors in detor- 



283. Median diameters in mlUimetets and sorting coefficients along rspre- 
sentative sections off the east coast of the United States in relation to the bottom 
profile. (Data from Stetson, 1938.) 


mining the character of the shelf sediments. Off the northern part of 
the Atlantic seaboard, where glaciation extended out beyond the present 
coast line, the sediments near shore are relatively fine and well-sorted 
sands; outride of these are coarria' wril-sorted sands and gravete; and 
succeeding these, poorly sorted silts and clays. At the edge of the shelf 
there is again an increase in the sise (ff the particles. Off Maryland and 
New Jersey the sedimmits are well-eorted sands out to the break in dope, 
and there are no silts and clays. This is ascribed to the lack of a local 
sui^y of the finer grades. South of Cape.Hatteras the rriatively &te, 
well-sorted inorganic deposits grade into wrilnsorted calcareous sands 
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which extend to the brei^ in sl<^ The dope in tide tefion lies beneath 
the Gulf Stream and is swept free of unconsolidated materid. Data for 
represMitatire sectkms are shown in figure 263. 

Hough (1940) has emphasised the lack of correlation between median 
diameter and depth for sediments in Bussards Bay. However, he found 
reasonably good correlation between the median diameter and the 
sorting. Sediments with median diameters greater than 0.15 mm 
gmerally had sorting coefficients between 1.26 and 2.0, whereas the 
coefficients for the finer sediments varied .|^tween 2.0 and 3.0. 

The relativdy coarse-grained texture ^f beach and shelf depoats 
has an indirect effect upon the composition, since only those materials 
occurring in relatively hard form and of sufficient size are present as 
“permanent” constituents of the sediments. Furthermore, as the 
particles are larger they are not subject to wide dispersal and, hence, are 
generally found relatively near their site of origin or entrance to the sea. 
Along irregular indented coasts where there are different types of source 
materials there may be marked differences in the composition of the 
beach sediments in adjacent bays. Where it has been possible to trace 
the dispersal of certain characteristic minerals (Martens, 1939) it has been 
found that they may travel 200 km or more along an uninterrupted 
coast. In the absence of relatively large supplies of inorgapic material, 
the skeletal remains of planktonic or benthic plants and animals form 
a greater or less fraction of the deposit. Organic siliceous remains are 
never abundant, although they are cosmopolitan in distribution. In 
general, benthic remains are more abundant than planktonic, although on 
the outer part of the shelf and on isolated highs, planktonic foraminifera 
may form an important part of the sediment. The most common remains 
of benthic organisms are those of calcareous algae, mollusks, foraminifera, 
corals, bryozoa, annelids, echinoderms, and sponges. Siliceous diatom 
frustules are abundant in the sediments in some localities. The character 
of the inorganic fraction is influenced by the nature of the supply. 
Quartz is the most characteristic material with Mdspar and the ferro- 
magnesian minerals common in higher latitudes, particularly off glaciated 
coasts. Around volctmic islands fragments of andesitic and basaltic 
lavas with little or no quartz may be most common. The heavy minerals 
are frequently concentrated on the beaches by sorting action of the 
waves. The common heavy minerals are ilmenite, magnetite, garnet, 
zircon, monazite, and olivine (Martens, 1939). 

Decomposable organic matter is genendly low in the coarser deposits 
(p. 1016), but in the finer sediments, particularly those in harins, excep- 
tionally high amounts are found. The low content of the sands and silts 
is ascribed to the fact that the organic matter is more readily attacked in 
such sediments and also that as the organic matter is light it is readily 
transported away by currents and deposited in depressions. 
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Betteh and shallow-water sediments range from wldte to Made wBli 
the addition of green, red, or blue. The coarser d^Msits are genekalljr 
lif^t in color unless in reducing environments. The finor deposits are 
oommmdy green, brown, or *'blue." line deposits in BtH!>uuct endron- 
ments are black. 

CHABii.cTSia OF THS DuvoBiTs. In the foregoing (Uscusdon, emphaaos 
has been placed on the compodlion of individual samples slthout^ 
frequent rderence has been made to the varialnlity in vertical and hoti- 
Bontal distribution. In fig. 263 were shown examples of the variability 
in the sediments off the Atlantic coast of the United States. Such 
differences are mostly in texture and compomtion, althooi^ edor as 
related to rither of those or to the environmoit may be very consineuous. 

Many studies of variability in the pr(q)erties of beach deposits 
have been made in order to determine the relative importance of the 
numerous processes which may influence the character of such deposits. 
Longshore studies, such as those summarised by Martens (1939) and the 
detailed investigations of Schalk (1938), show marked differences in the 
character of the sediments. Thompson (1937) has made careful studies 
of the laminations which are characteristic of the couser deporits, and 
Hfintsschel (1939) has discussed similu features in the finer tide-flat 
deposits. The lateral variability can generally be rdated to the source 
localities of the constituent materials, and the rdative intenaty of wave 
and current action. The vertical laminations due to differences in 
texture, compoation, and color are to be rdated to fluctuations in inten- 
sity of wave and current action associated with such periodic or random 
phenomena as the tides, the occurrence of storms, or changing currents. 
Such laminations are transitory as the sediments are subject to reworking 
by the original causative iigents. HSatsschel ( 1939) has pointed out that 
in tide flats such laminations are common although there ‘is genen^y a 
large population of burrowing and mud-eating animals whose activities 
tend to destroy them. Temporuy erosion and changing slopes may 
result in complicated internal structures in beaches. Whether or not such 
features exist on the Shelf below tide level has not yet been determined, 
but as waves and currents are effective to considerable depths it is 
reasonable to assume that these temporary features, charactwistic of the 
instability of the tiudlow-water sone, are i^sseat. 

Students of sedimentary rocks lay considerable emphasis on features 
formed at the surface between the sedimoot and the overlying water or 
air. Such surface features are ripple marks, swash marks, rain and 
bubble marks, cracks, and so forth. Althou^ common on beaihes and 
in diaHow water, it should be remembered tiiat surface features are 
generally tranatory and subject to erasure or diaages by the nmet wave, 
hi{^ tide, or Storm. It is <»ly when exposed to the air so that the sedi- 
ment is dried and tiuis partly consolidated tiiat than is much likelihood 
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of their preearvation in the foenl record. Johnson (1919) and Twmhofel 
(1932, 1939) have discussed the conditions under which various types of 
surface features may be found. From the geological point of view struc- 
tural and surface diaracteristics of sediments are of importance only in 
r^ons where sediments are actually accumulating. Where the sedi- 
ments are continually being reworked or where erosion is in progress such 
features will soon be destroyed. 

SpBciAii Nearshorb ENyiRONMBNTs. The discussion thus far has 
been largtiy restricted to the character pf the sediments found on the 
beach and shdf of the exposed coast. Twre are, of course, many modi- 
fications in the processes and, hence, in the character of the segments 
which are associated with special local conditions. Such special localities 
may be placed in two major groups, (1) those environments which are 
transitional between marine on the one hand and fresh water, concen- 
trated brine, or terrestrial, on the other hand, and (2) those which are 
more or less typically marine but where the topography introduces 
peculiar conditions. Of the latter group, isolated basins are the most 
important. 

Where rivers enter the sea there is a transition from the fresh-water 
to the marine environment that will be reflected in the character of the 
fauna and the flora. Within the lower part of a river the tidal effect 
may be felt and certain parts of the bottom may be alternately exposed 
to fresh and salt water. This imposes limitations on the nature of the 
organisms which can develop there. In estuaries and off the mouths of 
large rivers there may be rap^d deposition of the inorganic material carried 
by the rivers. Russell and Russell (1939) have reviewed the character 
of the sedimentation processes in the delta of the Mississippi River. The 
peculiar properties of these and other transitional environments, such as 
lagoons, have been discussed by Twenhofel (1939). Partially enclosed 
bays and seas will have beach and shallow-water deposits that may have 
properties differing to a greater or less degree from those of the open coast 
depending upon their tize, tidal range, strength of waves, frequency of 
storms, and the character of the materials supplied. 

Topographic features of the shelf play an important part in deter- 
mining the ^tribution of sediments. The sediments in submarine can- 
yons are of particular interest because of the fact that these channels 
may be the routes followed by lai^e amounts of sediments which cross 
the shelves. Cutting as they do far into the shelf, the canyons must 
entrap large amounts of material in transit along the coast. In the 
canyon there are no known agencies of sufficient strwgth to raise the 
material again to the shelf proper. Near the canyon heads there are 
rapid and extensive changes in depth, indicating fill and removal. The 
texture of the sediments in the bottom of the canyons has been studied 
by Stetson (1939) and by Cohee (1938). Near the canyon beads the 
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4* GenenUiiKed iiuip of the distribution of rook bottom and sediments off the coast of southern California. Depth 
(Fmn Revetie and Shepard, 1939, in Recent Marine Sedtaienle, P. D. Trask, ed. American Association of Petroleum 
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materials are eommonly sli^tly finear than those on the adjaemit slopes. 
On the other hand, pebUes and rock fragmmits have been found on the 
canyon bottoms. 'Ihe coarser material may represent the more or lees 
permanent depoat, whereas the fine materiids are those being by-passed 
to the open sea. 

Topographically isolated basins are of particular interest because they 
are one of the environments in which sediments must be accumulating. 
Basins may be classified hydrograpbically, depending upon whether the 




PCmODIC OR CONTINUOUS RCNeWAI. 


Fig. 265. CharMteristic features of stagnant and 
nonstagnant basins. (Fnnn Fleming and Rsvelle, 1036, 
in BeeerU Marint StdimenU, edited by Parker D. Trask 
and published by the American Association of Petroleum 
Geologists, Tulsa, Oklahoma.) 

inflow from the open ocean occurs at the surface or at sill depth, or con- 
versely, whether the outflow is at the sill depth or the surface (chapter IV). 
Biologically and geologically the greatest distinction is between those 
basins which contain dissolved oxygen in the waters overlying the bottom 
and those which are stagnant and contain hydrogen sulphide. The 
latter condition may exclude animals which might oriierwise inhabit 
the water and the bottom and which would contribute to or modify the 
character of the sediment. 

The texture of basin sediments is generally fine but they are poorly 
sorted. Studies by Revelle and Shepard (1S39) in basins olf tiie southern 
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CfllifomiSt coftBt levealed that the aeduaents have diaiMteca 

between 1,4 and 5 microns, with the basins farthest from shore having Uie 
finest deposits (fig. 264) . Core samples 60 cm long showed little variatton 
with depth in the sediment, althou^d^ samples from basins near shore 
sometimes contained layers of fine sand. The calcium carbonate cmitent 
of basins deposits is generally not very high because of the rdativdy 
rapid rate of accumulation of the fine noncalcareous material. Howeveri 
the slow exchange of water favors the development of saturation in the 
water and, hence, tends to preserve the calcium carbonate. The content 
may therefore be greater than at comparable depths in the open sea. 
The organic matter content of the sediments is always High. 

Fleming and Revelle (1939) summarized StrOm’s data for stagnant 
and nonstagnant fjords (see table 118) and showed the characteristic 
properties of the water and the sediments in such environments (fig. 266). 

ELEMENTS CONCENTRATED ON THE SEA BOHOM AND 
AUTHIGENIC MINERALS 

Certain elements such as calcium, carbon, silicon, iron, and manga- 
nese, carried to the sea in solution, are precipitated by organic or inorganic 
processes and are thereby concentrated on the sea floor. Readily recog- 
nizable minerals such as calcite and aragonite are produced in some 
instances, where in others the concentration is detectable only by chemical 
analyses which reveal the abnormal content of such elements as iron, 
manganese, and even the radioactive elements. The interaction of sea 
water and inorganic debris gives rise to certain characteristic minerals 
such as palagonite and phillipsite and it is probable that clay minerals 
are formed from the disintegration of volcanic ejecta (Bramlette and 
Bradley, 1940). The origin of glauconite which is a common constituent 
of terrigenous sediments is as yet uncertain, one theory being that it is 
built up from simple substances, the other that it is a product of the 
chemical weathering of biotite on the sea floor. 

The factors affecting the deposition of calcium carbonate, both as 
calcite and aragonite, have been described elsewhere. Dolomite has been 
reported as a rare authigenic constituent of pelagic sediments by Correns 
(1937). Silicon in the form of dissolved silicates or as colloidal silica is 
one of the abundant constituents of river water. It is commonly believed 
that much of the silicon is immediately deposited on entering the sea by 
precipitation or coagulation when the river water mixes with sea water 
(Twenhofel, 1939, p. 373). However, there is no evidence for the pres- 
ence of inorganically precipitated silica in recent marine sediments and 
the deposition of organic remains must be sufficient to balance the supply 
of dissolved colloidal silicon compounds to the sea. The factors 
governing the deposition of organic siliceous remains have not been 
investigated thoroughly, but a relatively high content of dissolved sUicates 
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within the euphotio sane and a Ugh content in the entire water column 
enet in those Meas where the sediments contain large amounts of siliceous 
rmains (chapter VI). 

Manganete is one at the chemical elements wUch is present in red clay 
in greater concentration than it is in igneous rocks (table 111, p. 992). 
In marine sediments it is cUefly present as oxides, largely manganese 
dioxide (MnOs), and may exist as finely divided grains, coatings over 
shells and inoiganic material, as a cementing matrix, and in nodules and 
concretions. Manganese nodules, having (hameters of 10 cm or more, 

TaBM! 118 

CERTAIN AVERAGE CHARACTERISTICS OF STAGNANT 
AND NONSTAONANT NORWEGIAN FJORDS 
(From Fleming and Revelle, 1939) 


Characteristic 


Stagnant 

fjords 


Amplitude of spring tides (cm) 

Length (km) 

Width (km) 

Maximum depth (m) 

Sill depth (m) 

Surface temperature, ®C 

Bottom temperature, 

Depth of isothermal layer (m) 

Surface salinity ( Voo) 

Bottom salinity (®/oo) 

Density difference (surface to bottom) 

Bottom HjS (ml/L) 

Bottom Oi deficit from saturation value (ml/L). . . 

pH 

PiOs (mg/m*) 

Organic carbon in muds, per cent 

Thickness of black, putrid layer (cm) 


44 

7 

1.5 
102 

4.2 

16.3 • 

6.3 
26 

19.54 

30.07 

.0115 

9.14 

11.74 

7.05 
327 

13.0 

>40 


Nonstagnant 

fjords 


41 

7 

1.2 

119 

10.8 

16.6 

5.6 

44 

23.10 

33.52 

.0100 

5.03 
7.34 
07 
9.9 
ca. 20 


are conspicuous constituents in dredge and trawl samples and have 
aroused great interest since the Challenger investigations showed their 
rather wide distribution. Although the nodules are characteristic of the 
deep-sea sediments, manganese in its other forms is commonly found also 
in terrigenous sediments. The manganese concretions and nodules which 
are found most abundantly in the South Pacific and Indian Oceans con- 
tain variable proportions of manganese dioxide, ferric oxide (limonite), 
and clay. The average contents of MnOs and FeaOt are about 29.0 per 
cent and 21.5 per cent, respectively. Many individual analyses are given 
by Murray and Renard (1891) and by Andr^ (1920). The nodules 
generally show laminations of different shades and textures and have a 
roughly concentric structure with a nucleus of pumice, volcanic glass, 
rock, or organic material such as a shark’s tooth or an earbone of a whale. 
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AJtbou^ the large nodules have aroused great interest, it is probable 
that they do not represmt the bulk of the manganese present in most 
sediments. Correns (1937) in his studies of the Meteor matraial frmn the 
Equatorial Atlantic found that the content of manganese was conspicu-* 
ously hi|^r than in igneous rocks but he was unable to detect any 
manganese grains. Ten representative red clays from the Atlantic 
(Correns, 1939) contained an average of 1.2 per cent MnOi on a CaCOr 
free basis. The noncalcareous portion of 19 typical globigerina ooses 
contained 0.5 per cent MnOa. Additional data are given in table 119 
(from Correns, 1939). The dark color of the red clays of the Indian and 
Pacific Oceans has been attributed to thtir manganese content, but com* 
parison of the Carnegie data from the Pacific (Revdle, 1936) ^ows that 
the red cla]rs of the North Pacific are lower in manganese than those of 
the Atlantic. 

Table 111 (p. 992) shows the average of 10 North Pacific red clays 
to be 0.83 per cent MnOj, that is, approximately one half that of the 
Atlantic samples. In contrast to the samples from the Atlantic the 
MnOs content is much higher in the calcareous deposits of the Pacific 
Ocean from which 20 samples containing more than 30 per cent CaCOi 
contained on an average 5.5 per cent MnOi when calculated on a CaCOr 
free basis (Revelle, 1936). The great difference between the manganese 
content in the calcareous ooses of the Atlantic and the Pacific and the 
fact that there is no correlation with the percentage of calcium carbonate 
indicate that the deposition is not closely related with the accumulation 
of calcareous materud. 

There are two possible sources of the manganese in deep*sea depoats. 
Miuray and his associates concluded that it was a product of the sub- 
marine weathering of volcanic material. Howevei , volcanic rocks do not 
contain very large amounts of manganese and in order ti> build up the 
concentrations found in red clays and in the noncalcareous fraction of 
globigerina oozes, it would be necessary to have large amounts of silica, 
alu minum , and iron leached out and redepoaited elsewhere, since there 
is no accumulation of these substances in solution. According to Wash- 
ington (1920), the average manganese content of the oceanic vdcanics, 
express^ as MnOt, is between 0.05 and 0.18 per cent, the lower value 
bring for the islanda of the Atlantic and the higher for those of tiie Pacific 
Ocean. Consequently, a five- to tenfold concentration of manganese 
would be necessary if the clays were formed from this matmial. The 
nranganese carried to the sea in sriution forma an extremriy s m a ll fraetion 
of the dissolved and is rather rarriy determined. According to 
Twenhofel (1926, p. 406) the concentration generally varies between 0.6 
and 5.0 mg/L, which is greater than tire amount present in sea water, 
namely, 0.001 to 0.01 mg/L. Murata (1939) has studied the to^ and 
exchangeable manganese content of river muds, name^, particulate 
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material which is carried to the sea. The average total miingit.«iwi» in 
five river muds was 0.18 per cent, as MnOj, and the exchangeable manga* 
nese in these river muds was found to range from 0.03 per cent to 0.07 per 
cent as MnOj. From this it may be concluded that manganese is carried 
to the sea both in solution and as a constituent of the sedimentmy debris. 

Manganese is most soluble in acid solutions when in reduced state. 
Hence, environments where such conditions prevail will tend to leach the 
manganese out of the solid material. Conversely, alkaline and oxidiring 
environments tend to precipitate the manganese in the very inscduble 
form of manganese dioxide. Whether or not bacteria or other biological 
agencies are directly involved in the solution or precipitation of manga- 
nese is not definitely known (ZoBell, 1939). 

On reaching the sea the dissolved and exchangeable manganese is 
probably precipitated as finely divided MnOj suspended in the water. If 
this settles in terrigenous environments where reducing conditions prevail, 
it again may pass into solution. The most favorable conditions for 
accumulation are those where the oxidation-reduction potential is rela- 
tively high as on topographic highs and in pdagic deposits where the 
conditions are always oxidizing, and in the presence of even slight amounts 
of solid CaCOj where the pH must be relatively high. Hence, once the 
manganese is deposited in such an environment it is not likely to pass 
into solution again. This explanation does not account for the formation 
of the large manganese nodules which, according to Murray and Renard, 
may occur in clay which itself is relatively low in manganese. However, 
it is known that manganese accumulations tend to form on similar 
material, somewhat analogous to crystal growth, and possibly this may 
be one of the important factors. The difference in the manganese content 
of the sediments of the equatorial Atlantic and those of the Pacific Ocew 
is a problem which is yet unsolved. 

Iron (table 111, p. 992) is present in red clays in concentrations some- 
what greater than in the igneous rocks and terrigenous deposits, although 
the increase is not as marked as for manganese. As pointed out above, 
the manganese nodules contain a large proportion of iron oxides. Authi- 
genic iron compounds may be found as the oxides, principally limonite 
and as sulphides. Table 119 contains data on the iron content of the 
Meteor samples, which, computed on a CaCOi-free basis, is rather erratic, 
and shows no correlation with the, content of organic remains. The 
average iron content, calculated as Fe*Oi, is 7.12 per cent, which, as in 
the case of manganese, is less than ti»e average for the red clays. This 
Correns attributes to the higher iron content of the deposits of the Pacific 
and Oceans. Examination of the Carnegie data shows that the 

samples with less than 30 per cent CaCOj calculated on a CaCOt-free 
baas contain 7.0 per cent iron calculated as FejO*, whereas the calcareous 
depoata computed in the same way contain, on an average, 15.6 per cent 
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FetOt. Therefore, as in the case of manganese the Meteor data and those 
of the Carnegie give conflicting results. Correns’ data show no corre* 
lation between iron and manganese, but those of Revelle show a remarka- 
bly good corrdation for the calcareous deposits. For the Pacific 
caJcareous deposits the ratio of iron to manganese, calculated as FesOi 
and MnOt, is approximately 2.8: 1 on a weight basis. 

Two sources may supply iron to the marine sediments. These are: 
(1) the weathering of the oceanic volcanic material, which is relativriy 
high in iron as indicated by the analyses>pf Washington (1920), which 
ipve about 10.8 per cent iron; calculated as FeiOi; and (2) the considerable 
amounts which are carried to the sea in solution and as a constituent of 
the mineral debris. As the latter material may be relatively low in iron 
it may have a diluting effect and the dissolved iron must be the important 
source. Acid and reducing conditions tend to dissolve iron compounds, 
while alkaline and oxidizing conditions tend to precipitate the higher 
oxides. A mechanism somewhat similar to that described for manganese 
may therefore apply to the iron. The most favorable environment for 
the accumulation of iron oxides will be in oxidizing sediments containing 
calcareous material. Iron is precipitated as sulphides in stagnant 
environments where hydrogen sulphide is produced. Bacteria may be 
directly involved in the solution and precipitation of irop oxides and 
sulphides (Twenhofel, 1939). 

Phosphorus, as PiOs, (table 111, p. 992) is found in approximately 
the same amounts in the red clays as in igneous rocks. However, 
Correns’ data (table 119) indicate that on a CaCOrfree basis there is 
an increase in PtOt with the carbonate content indicating that the phos- 
phate may form about 0.1 per cent of the calcareous skeletons. The 
supply of dissolved phosphate and its organic cycle in the sea have been 
discussed elsewhere. Apparently the regeneration of phosphorus utilized 
by plants is relatively complete, but it is being added to the sea as dis- 
solved phosphate as well as a constituent of the minerals, chiefly apatite. 
The supply of dissolved phosphorus may be balanced by the removal in 
skeletal structures, some of which are extremely high in phosphorus. 
Furthermore, a certain amount may be deposited as a constituent of the 
detrital organic matter. Authigenic phosphorus compounds are not 
found in the pelade deposits, but in certain nearshore localities phospho- 
rite, Cas(P 04 )s, forms a cementing material which accumulates in nodules 
and crusts. These phosphate nodules were first discovered by the 
Challenger off the Cape of Good Hope and have subsequently been found 
in many coastal r^ons on the edge of the continental shelf and on 
topographic h^ihs. Dredg^g off the southern Cidifomia coast has shown 
phosphorite to be the most abundant type of rock collected. 

I^e material collected off the cowt of southern California (Dietz et al, 
19^) contained phoq>horite nodules rang^ in aze from «mal 1 0 (flite 6 to 
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masses weighing about 60 kg. The phosphorite was usually found nt 
depths less than 1000 m, although some was obtained from the slopes 
at greater depths. Phosphorite is commonly associated with abundant 
calcareous remains and glauconite. Pelagic foraminifera and benthic 
remains may be found and also the teeth and bones of fish and marine 
mammals. 

The phosphorite nodules have a characteristic smoothly rounded sur- 
face with the upper surface having a glazed un weathered appearance. 
Freshly broken surfaces are light brown to black and the outer* surface is 
generally somewhat darker, owing to a thin coating of manganese oxides. 
Microscopic and chemical analyses show the principal mineral to be 
cellophane. This may form virtually pure masses or act as a cement for 
phosphatic oolites and inorganic and organic material some of which may 
be more or less completely phosphatized. Most of the nodules show 
banding, indicating that the accumulation has been discontinuous. The 
calcium phosphate on the average forms about 67 per cent of the nodules, 
with calcium carbonate the second most abundant constituent. Sedi- 
ments in the vicinity of phosphorite deposits contain approximately the 
same amounts as given above for pelagic deposits. 

The phosphate nodules appear to be forming at the present time and 
several hypotheses have been advanced to explain their mode of formation 
(Twenhofel, 1939, Dietz et al, 1942). 

Barium sulphate concretions have been found in recent marine sedi- 
ments only in three widely separated localities, namely, off the west coast 
of Ceylon (1235 m), near the Kai Islands in the Dutch East Indies 
(304 m), and near San Clemente Island off the coast of California (800 to 
650 m). The concretions, ranging in weight from a few grams to about 
1 kg, are generally of irr* gular shape, sometimes tubular, with concentric 
banding. They contain from about 60 to 82 per cent barium sulphate, 
which forms a cementing matrix, and contain mineral grains as well as 
organic remains. The bulk density of the barite concretions is high, 
averaging 2.70 and sometimes exceeding 3.0. Emery and Revelle (1942) 
examined the California material and consider that the only explanation 
which will account for their characteristic properties and their restricted 
occurrence is that the concretions are formed in the mud by the interac* 
tion of hot spring water high in barium with the sulphate present in the 
sea water. 

The radioactive elements^ particularly radium, in marine sediments 
have received considerable attention because of the unusually high radium 
content of pelagic sediments and because of the possibility of using the 
changes with depth in cores as a means of establishing the rates of deposi- 
tion. Existing data have been assembled by the principal workers in the 
field, namely, Evans and Kip (1938), Evans, Kip, and Moberg (1938)^ 
Utterback and Sanderman (1938), Foyn, Karlik, Pettersson, and Rona 
(1939)| and Urry and Piggot (1941). 
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The radium content of marine sedimenta varies betwew 0,1 X 10“** 
g/g and values more than one hundred times as large. Low values are 
found in coarse-grained terrigenous deposits, whereas the high values 
occur in noncalcareoua pelagic sediments. Bottom samples collected in 
the Pacific Ocean by the Carnegie were examined by Figgot and the 
average radium contents of the various types of sediments are given in 
table 120. (Revelle, manuscript.) Nearshore sediments, such as those 
studied by Utterback and Sanderman (1938), average about 0.3 X 10“** 
g/g of radium. 

The radium content of granites is abou^ 1.6 X 10“** g/g and that of 
basalts even less. The higher radium content of deep-sea marine sedi- 
ments must therefore be due to a concentration taking place on the sea 
floor. Radium has a relatively short half-life period of about 1600 years. 
If radium alone were deposited on the sea floor where the rate of sedi- 
mentation is less than 1 cm in a 1000 years the amount present in the 
lower parts of cores, a meter or more in length, would be extremely small. 
Although there is generally a decrease in radium with depth, the dis- 
tribution (cf. Urry and Piggot, 1941) shows that other radioactive ele- 
ments which disintegrate to form radium must be deposited. Of these 
ionium and possibly uranium are of importance. 

Tablx 120 • 

AVERAGE RADIUM CONTENT OF PACIFIC OCEAN SEDIMENTS 

(From Revelle, ms.) 


Type 


Radiolarian ooze 

Red clay 

Globigerina ooze (siliceous*) 

Diatom ooze 

Globigerina ooze 

Terrigenous mud 


* Relatively high ixk eiliceoue organio remains. 

Various mechanisins by which radium and the other radioactive ele- 
ments may be concentrated in marine sediments have been suggested. 
Coprecipitation of radium with calcium carbonate and of uranium with 
iron and manganese compounds has been offered as possible mechanisms, 
but such hypotheses are not substantiated by the available data. Revelle 
(1936) pointed out the correlation between the radium and the decom- 
posable organic matter in the Carnegie samples and suggested that organic 
activity might be the effective precipitating agency. Subsequently 
(Revelle, manuscript) he has devdoped this hypothesis and shown a 
correlation between the radium content and the organic siliceous remains 



Number of 
samples . 

Radium 

s/s 


3 

14.1 X 10'^’* 


7 

8.7 


4 

7.2 


1 3 

5.0 


1 8 

3.7 


2 

2.5 
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in the sediments (table 120) and from this condudes that dissolved 
radium is extracted from the water by the diatoms and radidarians and is 
carried to the sea floor in these siliceous remains. In red clays the 
siliceous skeletons have been largely dissolved and the organic matter 
destroyed, leaving the radium behind, whereas in certain deposits high 
in siliceous remains the radium content may be low because of the diluting 
effect of the inorganic debris. 

Glauconite is a green, blue, or brown hydrous dlicate of potasdum, 
magnesium, aluminum, and ferrous and ferric iron. The formula for 
glauconite can be written R*'0, 4(R"O,R»'"Oi),10SiOi,4H»O, where R' 
represents the univalent bases and R" and R'" the di> and trivalent 
bases. It is found in recent marine sediments and in many marine 
sedimentary rocks and it is considered to be a substance formed only in 
the marine environment. The distribution and properties of glauconite 
in both recent and fossil deposits and the various theories which have 
been advanced to explain its formation have been reviewed by Hadding 
(1932), Takahashi (1939), and Galliher (1939). Analyses given by 
Hadding and Takahashi show that although there is a considerable range 
in chemical composition there is no essential difference between the recent 
and the fossil material. However, as Takahashi has pointed out, the 
chemical composition can be varied considerably by treatment with 
neutral salt solutions as well as with acid and alkaline solutions. As the 
X-ray spectra are not materially different, it is probable that the exchange 
of cations is somewhat analogous to base-exchange in clay minerals. 

Glauconite occurs in sediments as irregular grains between 0.1 and 
1.0 mm in diameter. The surface is often polished and sometimes 
cracked and the grains have no definite internal structure. When present 
in sufficient quantity thej give a greenish color to riie sediment and the 
terms green sand and green mud were originally restricted to sediments 
containing glauconite. The glauc:.>nite grains often represent casts of 
foraminiferal shells and, in some cases, the shells are found completely 
filled by glauconite. Hadding has recorded glauconite present as inter- 
stitial material in porous organic and mineral substances and also as an 
incrustation. 

Glauconite occurs in recent terrigenous sediments off continental 
coasts at depths ranging from a few meters down to about 2500 m. 
According to Galliher, it is more abundant adjacent to land areas where 
plutonic and metamorphic rocks are exposed. Although glauconite is 
found in many parts of the world it is abundant only in rather restricted 
localities where the environment is appropriate for its formation or 
accumulation, where deposition is not n^id, namely, upon the continental 
shelf or isolated topographic highs near the coast. 

The mode of formation of glauconite is not yet definitely established. 
The older theories postulate the formation of an aluminosilicate gel wbidh 
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later absorbr iron and potaaaum from solution. This general theory, 
that fl^conite is a complex substance built up from rdatively simple 
compounds upon the sea bottom, has been accepted in various forms by 
most writers upon the subject. Galliher (1935a, b) has advanced the 
hypothesis that glauconite is formed by the submarine vreatbering of 
biotite. In studies of recent marine sediments from Monterey Bay, 
CaJifomia, Galliher was able to find a transition in distribution and in 
ph3rsicai and chemical comporition between fresh biotite near shore and 
glauconite in somewhat deeper water. According to him, the transforma- 
tion involves the oxidation of part of tfie iron, loss of aluminum, and 
hydration, which results in changes in structure such as swriling and 
cracking. Galliher considers that during the metamorphosis the material 
increases in volume by ten- to twentyfold and that it is relatively spongy. 
Part of the characteristic form of glauconite grmns he attributes to the 
swelling, hut he also considers that a certain amount of abrasion and 
molding may arise from the activity of mud-eating animala which tend 
to shape the spongy material in their digestive tracts. Whether either 
of these hypotheses affords the correct explanation of the formation of 
glauconite awaits further investigations. 

RATES OF SEDIMENTATION 

Methods or Determining Rates of Sedimentation. Knowledge 
of the rates of accumulation of sediments in the ocean is essential to an 
understanding of many problems both of past geolo^cal history and 
present sedimentation processes, but unfortunately very little is yet 
known about these rates. In the following discussion various indirect 
methods of estimation will be listed, ail of which lead to values of approxi- 
mately the same magnitude. The development of new means of deter- 
mining the time scale, such as those based on radioactivity and magnetic 
measurements, may ultimately produce more reliable values. The rates 
of deposition are extremely small, in the open ocean of the order of less 
than 1 cm per 1000 years, yet, as pointed out by Kuenen (1937) and 
others, it is difficult to account for the supply of the tremendous mass of 
material which must have accumulated in the deep sea since the beginning 
of geological time. Questions concerning the total quantity of marine 
sediments, not entered upon here, have been discussed by Clarke (1924), 
Kuenen (1937, 1941), and Goldschmidt (1933). 

Because of the extrem^ slow rate of deposition of deep sea sediments 
no adequate direct method of measurement has yet been devised. We 
are thertf ore forced to rely upon indirect methods which fall in two general 
groups. The ^aiigrapkie method, widely used in the study of sedi- 
mentary rocks, may be applied when it is possible to determine the thick- 
ncM of the deporit which has accumulated in a given time interval. The 
»upply method for estimating the rate of deposition is apjriicable when 
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th6 amount of material supplied in a gpven time interval and the area of 
deporition are known. It should be noted that the first method gives 
values for individual localities, whereas the supply method yields averages 
for luge areas. Great care must be exercised if estimates obtained by 
rither method are extrapolated either in time or space. Even if it is 
assumed that there have been no material changes in the general area 
and form of the oceans, the supply of materials, which is influenced by 
numerous factors, has undoubtedly changed during past ages (Schuchert, 
1931). Furthermore, the local rate of accumulation, particularly of 
clastic terrigenous material, must be much greater near the sources of 
material, that is, near land, than in the great ocean basins. Although 
it is generally assumed that an average rate may be given for priagic 
deposits, or for one type of such deposits, Twenhofel (1939) has empha- 
sized that such figures have little or no meaning for the terrigenous 
deposits where the magnitude of the supply of materials and transporting 
agencies are far more variable. At one extreme, the deposition off the 
mouths of large rivers may be of the order of several meters per year, 
while at the other extreme there are localities where no deposition is 
taking place and where there is actually erorion. 

The difficulty of obtaining adequate cores represents the greatest 
obstacle to the wide application of the stratigraphic method to recent 
marine sediments. Not only is it a question of obtaining cores of suffi- 
cient length but also of avoiding as far as poasible the effects of what is 
known as “compaction” due to unsatisfactory sampling methods. Also 
it is often impossible to establish the time scale. To make the figures 
comparable to those obtained by other methods the length of core must 
be computed for a constant pore space (water content) or the values may 
be given in terms of soh-i material. This is important because superficial 
layers of sediments consist of about two thirds by volurne of water. In 
the following discussion values a’-e given for a “solid” layer of density 
2.5, that is on a pore-free basis. 

The supply method is based upon the late of supply of secfimentary 
material to the sea. Such material may arise from submarine or subaerial 
volcanism, from erosion and transport, either in solution or in suspension, 
of terrestrial material, and contributions from outer space. The latter 
source w negligible but the magnitude of submarine volcanism U unknown. 
Furthermore the amount of air borne materials, both of volcanic and 
terrestrial origin, has commonly been neglected, sdthough, as shown els^ 
where (p. 949 to p. 955), these may form appreciable fractions of pdagic 
deposits. Indirect estimates of the rate of sedimentation can best be 
based on the supply of river-borne dissoived material, since the amount of 
solid undisBolved material carried to the sea by rivers is not known 
(Twenhofd, 1939). Rates based on the supply of dissolved material 
must be fairly accurate because the bulk of the elements are probably 
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preeiintated either chemically or by oiiganic activity. Furtiiermore they 
are /otriy evenly distributed. The latter is certainly not true for the 
clastic material, which must largely accumulate near shore. 

Estimates Based on Stkahoraphic Methods. The stratigraphic 
method has been widely applied to the study of fossil sediments, but the 
results obtained are very variable. Average values for sediments 
deposited since the Cambrian (500,000,000 years) have been derived by a 
study of the thickness of the column of sediments using a time scale based 
on radioactivity measurements. These values are (Schuchert, 1931): 


Sandstone 68 cm/1000 yean 

Shale 34 cm/1000 years 

Limestone 14 cm/1000 yean 


These are for shallow water deposits where the rates of accumulation 
must be much greater than in the open sea. 

The stratigraphic method was first applied to recent deep-sea sedi- 
meg^ in 1913 by Braun, whose data have been re-examined by Schott 
(1939a). For many years it has been recognized that sediments from 
various parts of the deep sea are stratified. The development of more 
adequate coring instruments, capable of obtaining cores up to 3 m in 
length, has opened a new field in the study of these deposits. The 
interpretation of textural and other differences in these* sedimentary 
columns in deep-sea core samples was expanded by Schott (in Correns, 
1937), who examined the systematic series of samples collected by the 
Meieor in the Equatorial Atlantic. He found that there were char- 
acteristic differences in the pelagic foraminiferal fauna at different depths 
in the cores. Specifically, various warm-water forms were not found in 
certain zones in the column. The absence of these species was attributed 
to the cooler climatic conditions and possibly the modified circulation 
during the glacial periods. The thickness of the superficial layer, con- 
taining warm-water forms, was considered to represent the deposition 
during the time interval since the last glacial period, which Schott 
assumed to be 20,000 years. On this basis he calculated the rate of 
accumulation of globigerina ooze, blue mud, and red clay in the Equa- 
torial Atlantic. Schott’s values computed from the observed length in 
the core sample and not corrected for water content or for any distortion 
or compaction in sampling, are given in table 121. The average values 
for “blue” mud, globigerina ooze, and red clay, namely 1.78, 1.2, and 
0.86 cm per 1000 years become 0.59, 0.4, and 0.^ cm pter 1000 years if 
reduced to to place them on a pore-free basis. The figures for glo- 
bigerina ooze and diatom ooze in the southern Indian Ocean based on 
Braun’s data are somewhat smaller. Uncorrected, the averages are 0.59 
and 0.54, respectively, and if reduced to H, 0.20 and 0.18 cm per 1000 
years. The rate of deposition of globigerina ooze in the southern Indian 
Ocean is apparently alMut one half that in the Equatorial Atlantic. 
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A series of cores, obtained by means of the Piggot coring tube aeross 
the North Atlantic between the Newfoundland Banks and Ireland, have 
been examined (Bramlette and Bradley, 1940). In certun of these cores, 
ranging up to 3 m long, systematic variations in the character of the 
material with depth in the cores were found; that is, strata were found 
that contained coarse-grained material that could only have been trans- 
ported to the site of deposition by floating ice. These strata wer<> laid 
down during the glaciid periods. Bramlette and Bradley (1940) state 
that in cores from the western North Atlantic the postglacial sediments 
are approximately 34 cm thick, which is within the range found for the 
Meteor samples. 

Tablx 121 

THICKNESS AND RATE OF SEDIMENTATION OF RECENT MARINE 
SEDIMENTS IN EQUATORIAL ATLANTIC OCEAN 
SINCE END OF PLEISTOCENE 
(From W Schott, 1939a) 



“Blue” 

Globigenna 

Red 


mud 

ooze 

clay 

Average thickness (cm) 

35 5 

24 06 

17 14 

Greatest observed thickness ^eni> 

66 0 

42 6 

26 5 

Smallest observed thickness (cm) 

18 0 

10 5 

<10 0 

Average rate of sedime^ation (cm) per 1000 years 
Greatest observed rate of sedimentation (cm) per 

1 78 

1 2 

<0 86 

1000 years 

Smallest observed rate of sedimentation (cm) per 

3 3 

2 13 

1 33 

1000 yeai^ 

Samples uvd (number) 

0 9 

0 53 

<0 5 

6 

48 

7 


From the foregoing it might be concluded that present-day coring 
techniques would show all pelagic samples to be stratified, but this is not 
necess^y the case The absent t. of stratification within the upper few 
meters, the present limit of core length, may be due to a number of 
factors such as: more rapid local accumulation than indicated by the 
values given above; extensive mixing and churning of the deposit by 
current action, or the activities of burrowing and mud-eating benthic 
animals, or the absence of agencies of sufficient magnitude to modify 
the character of the material beip< deporited. The latter condition ms}* 
prevail for such deposits as red cla> . 

The stratigraphic method has not yet been widely applied to the 
study of recent shallow water sediments. Moore (1931) estimated the 
rate of deporition in the deeper portions of the Clyde Sea from laminations 
vdiich he interpreted as due to the deposition of large amounts of oiganic 
matter each spring. The laminations were between 6 and 4 mm thick, 
the thicker layers occurring in the uppm portion of the core. The water 
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content was appnudmately 75per c«it, hence these values ccurespond to a 
rate of about 100 cm/1000 years. Observations by StrOm ( 1936) in tiie 
stagnant Drammensf jord in southeastern Norway showed varved depodts 
70 cm thick with approximately 639 laminations. If we assume that 
the laminations represent aimual accumulations and that the water 
content is 75 per cent, the rate of deposition would be 27 cm/1000 years. 
Both localities are in environments where rapid rates of accumulation 
would be expected. Moore (1931) cites studies in the Black Sea by 
Schokalsky who found laminated sediments which indicated that between 
20 and 25 cm of unconsolidated mateiw accumulated in 1000 years. 
If these contain 75 per cent of water the corresponding rate of deposition 
of solid material would be 5 to 6 cm per 1000 years. In the Gulf of 
California Revelle (Sverdrup and Staff, 1941) found laminated deposits 
of diatom frustules which, if the lamina represent annual layers and if 
the water content is 75 per cent, indicated a deposition of 19 cm/1000 
years. 

Estimates Based on Supply Methods. Clarke (1924) used his 
figures for the annual contribution of dissolved materials by rivers 
(p. 214) to estimate the rate of " chemical ” sedimentation. He assumed 
that only sodium and chlorine escaped deposition by either inorganic or 
biological processes, and in this way found that the annual rate of 
chemical deposition was between 22 X 10* and 24 X 10^ metric tons. 
If evenly spread over the entire sea floor this would form a layer of 0.25 
cm/1000 years. To this must be added the particulate material of 
terrigenous and volcanic origin. Furthermore, it has been pointed out 
that nearshore deposits accumulate more rapidly than those in the open 
sea; therefore the value ^ven above is too small for terrigenous deposits 
and too large for the deep sea sediments. 

Kuenen (1937), from a consideration of the extent of erosion since 
the Cambrian (500,000,000 years) and the supply from terrestrial vol- 
canoes, has estimated that the combined chemical and detrital deposition 
in the deep sea has been at a rate of about 0.33 cm/1000 years, a value 
approximately the same as those given above. Since then, Kuenen 
(1941) has revised his figures and reduced them to 0.1 cm/1000 years for 
red clay and to 0.2 cm/1000 years for globigerina ooze. 

Two estimates have been made on the basis of organic deposition. 
Murray (Murray and Hjort, 1912) estimated the rate of deposition of 
globigerina ooze as 2.5 cm/10 years. This highly erroneous value was 
based on the study of the Atlantic submarine telegraph cables which 
were found to be “covered” in a period oi 10 years. Actually they 
undoubtedly settled into the ooze when laid. Computed in the unite 
given above, this would be about 100 cm of solid material per 1000 years. 
Lohman esrimated the rate at which coccoliths might accumulate on the 
sea floor from his studies of the production of the planktonic calcareous 
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algM and arrived at a figure of 0.1 to 0.2omper 1000 yean (Sdtott, 1880b). 
Ttiis is at least of the probable correct ordm ci 

Revelle and Shepard (1839) have used the supply method for esti* 
mating the rate of deposition in the basins of the southern California 
region. Their value, based on the rate oi erotion of the locri wator- 
sheds and the relative areas of erosion and deposition, is approximately 
25 cm/1000 yean. 

The further development of the methods outlined above and the 
introduction o( new techniques will undoubtedly tend to modify the 
values for the rates of deposition, but it does not seem probable that they 
will affect the order of magnitude of those for the deep sea Large local 
variations in the rate of deposition of terrigenous depositions must be 
expected but the scattered evidence indicates that they accumulate at a 
rate of the order of 10 cm of solid material per 1000 yean 

SU/AMARY OF FAaORS DETERMINING CHARACTER OF 
MARINE SEDIMENTS 

It has been repeatedly emphasised that the farton controlling the 
character of the sediment in a pven locality are numerous and compli- 
cated, and it is both instructive and valuable to see to what extent it is 
possible to predict the characteridtics of the sediment which may occur 
under a ^ven set of conditions. The number of variables necessary to 
formulate such a prediction indicates the large number of facton which 
must be taken into account. The prediction of the mass properties of a 
sediment for a given set of conditions not onlv illustrates that we have 
some understanding of the processes of marine sedimentation but that 
the procedure may be reversed and certiun of the important envuon- 
mental factors deduced ; om the properties of a given sediment sample. 
This is of obvious value to the student of sedimentary ’deposits both 
recent and fossil, and is also instructive to the oceanographer concerned 
with aspects of the sea other than the sediments. 

It is difficult to designate those properties of a sediment which are 
most “important.” The relative importance may vary with the incU- 
vidual interest of the worker, and what in one instance may be a minor 
constituent of a sediment may in another locality be the most abundant 
or conspicuous type of material. Glauconite in an example of such a 
substance. As a basis for the following discussion, those mass properties 
used to classify and name marine sediments will be considered, namdy 
color, physical composition, aod texture. 

The environmental factors most important in detemuning tiw 
characteristics of marine sediments may 1^ grouped under three mrin 
headings: (1) the general topography and depth of the site of d^Mmtion, 
(2) the relation of the ate of deposition to sources of inorganic material, 
and (3) the physical and chemical conditions in the water ccdumn over- 
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Jlying the site of deposition. With these ruiablee fixed it is possible to 
predict with a fair degree of accuracy the characteristies of the sediment 
which will be found in a given locality. 

Topography has its more profound influence upon the textural char- 
acteiistics of the sediments, and the topography surrounding a given site 
is usually more important than the absolute depth. Topographic highs 
ate subject to the sweeping action of waves and currents and, hence, are 
(dther covered by relatively coarse material or lacking in unconsolidated 
material. Fine-grained material is idways absent in shallow water except 
on the continental shelf, where it is beihg by-passed to deeper water. 
Conversdy, depressions and basins generally contain fine-graini material 
but in addition may receive some coarse material swept off the shelf and 
hie^, or supplied by pelagic or benthic organisms. The slopes where 
active deporition is taliig place are generally covered with poorly sorted 
sediments. The rate of sedimentation is small on isolated topographic 
highs and in the major ocean basins and is relatively great on and inunedi- 
ately below the slopes and in nearshore basins. In those areas where the 
bottom is anldng, accumulation may be rapid on the shelves, otherwise 
it is n^igible. The effect of topography and depth on texture is related 
to the fact that the strongest water movements, hence the ability to move 
particles, occur near the surface, particularly at those deptjjs where wave 
action is effective. Isolated highs at all depths are affected by the 
sweeping action which is a combination of current motion and the force 
of gravity which tends to pull the material down slopes. 

Indirectly topography may affect the composition where two or more 
types of materials have their greatest abundance in different sise grades. 
In this case the material having the coarser texture will be concentrated 
on areas subjected to the stronger transporting agency, with the resulting 
increased r^£ive concentration of the substance of finer texture else- 
where. This factor may account for the abundance of such matjerials as 
glauconite, phosphorite, and these materials mixed with organic ^remains 
on cert^ areas of the shelves, particularly on topographic highs. It 
has also been advanced as a possible reason for the lower calcium car- 
bonate content of the sediments in the bottom of the major ocean basins 
where the finest inorganic debris accumulates. 

The phs^cal composititm of a sediment sample reflects the relative 
rates of supply of the various types of material. These constituents fall 
into two major groups, namely, the orgamc skeletid structures and the 
inorganic material t^t may be of terrigenous or volcanic origin. The 
amount of inorgamc material bring deporited at a given locality depends 
upon the relation of that rite to the sources of supply. Off the mouths of 
luge rivers and near regions of active volcanism there are rdatively large 
amounts of coarse-grained clastic material. On the other hand, in the 
open ocean, far removed from the source of such material, the inorganic 



AAAMNE SEDIM&ITATiON 


1043 


fraction of the sedimwt 'wiU be fine*grained^ and in the organic ooms may 
form less than 50 per cent of the material present. The character the 
inorganic material deposited therefore depends on the nature of the source 
and the rate at which it is supplied to the sea and upon the competency 
of the currents to transport certain of this material to the cdte of deposi- 
tion. The character of the source in turn depends upon the topogn^hy 
and climate of the land in the case of the terrigenous material, whereas 
the supply of volcanic material is related to the extent of volcanic activity. 
Off desert regions where there is a seaward wind, considerable quantiUes 
of air-bome material are found, as off the west coast of Africa. The supply 
of river-borne material is complicated by a number of factors, such as the 
topography, rtunfali, and soil covering, as well as the character of the 
rocks and soils. In general, regions of high relief and heavy rainfall wiU 
supply abundant terrigenous material to the sea, whereas flat-lymg areas 
with a cover of vegetation will supply oidy small amounts The nature 
of the rivers and the form of the coast line must also be taken into account. 
Rivers that flow out of large lakes are generally relatively free of sus- 
pended material, for the lakes act as settling basins. Furthermore, rivers 
which empty into bays or estuaries may dump most of thrir suspended 
load before reaching the open sea. From this it is obvious that in order 
to predict the character of the sediments to be found in any locality, it is 
necessary to take into account the character of the land which may 
supply inorganic mairerial to that region. Another factor which must 
be considered is that of transportation of inorganic material by ice. In 
high latitudes the shelf ice and icebergs carry unsorted inorganic material 
for considerable distances away from land and give rise to deposits con- 
taining rather large rock fragments. Such ice-borne material had a more 
extensive distribution du'^'ng the glacial periods than at the present time. 
Terrigenous material may also be formed by the erosion of coasts by 
wave action. The amount of material supplied in this way will, of 
course, depend upon the character of the rocks forming the coast. 

After the inorganic material has reached the sea the effect of trans- 
porting agencies must be considered. Because of the decreasing intensity 
of wave action with depth, there is a tendency for the coarser materials 
to accumulate near the source, whereas the finer materials are transported 
for great distances. The character of the inorganic material and the 
texture of the material in a sediment at a given locality can ther^ore be 
predicted with some accuracy if we know the depth and topography of 
the site of deposition and the character of the source. The relive 
abundance of such material in a sediment of course depends up<m the 
relative rate of deporition of organic material. 

The supply of inorganic rrmterial is limited to the coast lines and to 
re^ons of submarine volcanism and there are of course repons of the sea 
which are thousands of miles from any such source. This is not so true 
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in the eoae of otgaoio skeletal structures, which may be produced almost 
anywhere in the sea, although the distribution of physical-chemical 
properties may limit the regions in which such org&mm can thrive. 
The physical-chemical conditions in the water are important in two ways. 
They not only influence the development of organisms which secrete 
skeletal structures, but they also may determine whether or not these 
structures redissolve after the death of the organisms. Furthermore, the 
physical-chemical conditions in the sea determine the organic production 
in diffment localities, and these in turn ii^uence the amount of benthic 
life. For example, in areas of upwelling and in high latitudes where 
convection is effective in bringing a large supply of nutrients to the 
surface layers, there is a large production of plants and hence a large 
supply of food for the animal forms living in the water and on the sea 
bottom. As pointed out in the discussion of decomposable organic 
matter and the calcium carbonate content of the sediments, the two 
constituents bear an inverse relationship to each other. Furthermore, 
in the discussion of the calcium carbonate it was shown that factors 
favoring tihe precipitation of calcium carbonate were characteristic of low 
and intermediate latitudes, and that the re-solution of calcium carbonate 
also depended upon the physical-chemical conditions in the water. It is 
therefore of the utmost importance to know the physical-chemical con- 
ditions in the water overlying a given site of deposition in order to esti- 
mate the probable supply of organic structures. It will be noted that 
certain of these, such as the temperature in the surface layers, is largely 
a function of latitude and hence certain rather broad generalisations can 
be made on this batis alone. But there are marked differences between 
the character of the sediments in the North Atlantic and in the North 
Pacific which cannot be accounted for unless we take into account the 
character of the overlying water columns in the two oceans. 

The physical-chemical conditions surrounding topographic highs are 
generally rather similar to those in the surrounding water at approxi- 
matdy the same depth. This statement does not apply, however, to 
isolated depressions where basin conditions may prevail. In such regions 
(p. 1026) the physical-chemical conditions may be very different from 
those at a comparable depth in the open sea in adjacent regions. The 
most striking contrasts are found in such stagnant basins as the Black 
Sea and the Norwegian fjords. Sediments accumulating in basins have 
certiun characteristic features which may be used to identify them. 

A prediction of tiie draracter of a sediment may therefore be made if 
the following variables are established: topography surrounding the site 
of deposition, the depth, the relationship to the sources of inoi^ganic 
material, and the physical-chemical conditions in the overlying water. 
Convers^, if the character <4 a sediment is known it is possible to 
recognise the mote important factors of the en-riromnent of depontion. 
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APPB4DIX 


Tables for Computing Geopotential Distances 
between Isobaric Surfaces 


Table I. 


Table II. 


Table III. 
Table IVa. 

Table IVb. 

Table Va. 

Table Vb. 


Contents 

Specific volume of sea water of saiinity 36 Voo and temper- 
ature 0'’C, and at stated pressure, expressed in 

cm’/g or m*/ton. (From Bjerknes and Sandstrom, 
1910.) 

Geopotential distances from the sea surface to stated 
isobaric surfaces in sea water of salinity 35 Voo and 
temperature 0“C, Djs.o.p, expressed in dynamic meters. 
(From Bjerknes and Sandstrom, 1910, expanded by ms. 
data.) 

10‘A, i as function of a,. (From Sverdrup, 1933.) 

10®5,,„ as function of salinity and pressure. (From Sver- 
drup, 1933.) 

10*5,.p as function of salinity aud pressure. (From Sver- 
drup, 1933.) 

10‘5tf,p a.s function of temperature and pressure. (From 
Sverdrup, 1933.) • 

lO^Stf.p as function of temperature and pressure. (From 
Sverdrup, 1933.) 


Symbols and Definitions 

ass.o.p: Specific volume of sea water of salinity 35 Voo and temperature 
0®O, and at pressure p, 

S: Anomaly of specific volume of sea water of salinity S and temperature 
d and at pressure p (see p. 58): 

where 

A... - 0.02736 - 

(Di — Dt),: Standard geopotential distance between the isobaric surfaces 
pi and p* (equation XII, 6, p. 408); 

lOSl 
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(Di — D*)* “ r 

Jpi 

AD: Anomaly of the geopotential distance between the iaobaric auifacea 
Pi and pt (equation XII, 7, p. 409): 



Explanation 

If ft has been computed by means o^HjCnudsen’s or other tables, the 
specific volume anomaly, i, can be found from tables III, IV, and V. 
If numerous computations are to be made, special tables should be pre- 
pared with closer intervals of the arguments. In order to facilitate such 
preparation and in order to avoid accumulation of errors, the terms have 
been tabulated witii one more decimal place than warranted by the 
accuracy of the temperature and salinity observations. 

When the specific volume anomalies have been found, the geopotential 
anomalies can be computed by numerical integration (table 61, p. 411). 
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TAUK FOR COMPUTING GeOPOTB^TIAl DISTANCES 


Tabub II 

OEOPOTENTIAL DISTANCES FRdSf THE SEA SURFACE 
TO STATED ISOBARIC SURFACES IN SEA WATER OF 
SALINITY 35 •/«, AND TEMPERATURE 0“C, 
Daf.o.», EXPRESSED IN DYNAMIC 
METERS 

(From Bjerknes and Sandstr6m, 1910, expanded by ms data) 


p 

(decibars) 

(dynamic meters) 

P 

(decibars) 

(dynamic meters) 

10 

9-7262 

1200. 

1163.9534 

20 

19.4520 

1400 

1357.3295 

30 

29.1773 

1600 . . 

1550.5327 

40 . 

38.9021 

1800 

1743. 563^ 

50 

48.6265 

2000 

1936.4246 

75. 

72.9356 

2500 ... 

2417.8360 

100 j 

97.2417 

3000 

2898.2041 

150 

145.8457 

3500 . 

3377.5445 

200 

194.4382 

4000 

3855.8733 

300 

291.5898 

4500. 

4333.2053 

400. 

388.6965 

5000 . 

4809.5559 

500 . 

485.7584 

6000 

5759.3685 

600 

582.7759 

8000 .. 

7647.8173 

800 

776.6777 

10000. . 

9522.0255 

1000 

970.4032 
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TABI£ m 

10»A..# A8 FUNCynON OF 
(From SvokUupt 1933) 
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Tabuh IV* 

10*a.^ AS FUNCTION OF SALINITY AND PRESSURE 
(From Sverdrup, 1933) 
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Tabia IVb 

AS FUNC3TION OF SALINITY AND PRESSURE 
(From Sverdrup, 1933) 


PresBiire 

1 Salinity */ao 

1 

(decibars) 







34.4 

34.6 

34.8 

35.0 

35.2 

2000 

-1.7 

-1.2 

-0.6 

0.0 

0.6 

2500 

-2.2 

-1.4 

-0.7 

0.0 

0.7 

3000 

-2,6 

-1.7 

-0.9 

0.0 

0.8 

3500 

-2.9 

-2.0 

— 1.0 

0.0 

1.0 

4000 

-3.4 

-2.2 

1 -1.1 

0.0 


4500 

-3.7 

-2.5 

-1.2 

0.0 


6000. . . . 

-4.1 

-2.7 

-1.4 

1 0.0 


6500 

-4.4 

-3.0 

-1.5 

! 0.0 


6000 

-4,8 

-3.2 

-1.6 

0.0 


6500.. . 

-5.1 

-3.4 

-1.7 

0.0 


7000 

-6.5 j 

-3.6 

-1.8 

0.0 


7500 

-5,8 

-3.8 

-1.9 

0.0 


8000 

6.1 

-4.1 

-2.0 

0.0 


8600 

—6.4 

-4.3 

-2.1 

0.0 

• 

9000 

-6.7 

-4.6 

-2.2 1 

0.0 


9500 

-7.0 

-4.6 

-2.3 

0.0 


10000 

1 

-7.3 

-4.8 

-2.4 

0.0 
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AS FUNCTION OF TEMPERATURE AND PRESSURE 
(From Sverdrup, 1933) 
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CHART I^IiUJOR OCEAN BA8IN8 
WITH DEPTHS EXCEEDING 4000 METERS (I-XLV) 
Faaturef Qimi Depth (A-Q) 

(Beeed <» Vmi^uui et «l, 1940) 


ladiaii OeMUK 


Western Indien 

Eeetmi Indien 

Beet Indien Arohipelego 

I. Arebien Benn 
n. Someli Beein 

III. Meeeerenee Beein 

IV. Medegeeeer B«sin(a) 

V. Atientio-lndian Ant- 

eretie Beein 

VI. Indie-Aiistralie Beein 

A. Sunde Trench 
<^m) 

B. wherton Deep 
(6.400 m) 

VII. South Aoiit^e Bedn 
VIII. Eeetem Dndien Ant- 
erotic Beei^ 

IX. South Chine Beein 

X. Sulu Beein 

XI. Celebes Beein 

XII. Bende Beein 


Peoifle Ooeen 


Western Pedfic 

Central Pacific 

South-Eeatern Pacific 

XIII. Philippines Beein 

C. Riu-Kiu 

Trench 
(7,480 m) 

D. rhilippinee 
Trench 

(Mindeneo 

Trench) 

Emden 

Depth: 

10,600 ± m 

XIV. Cerdine Beein 

XV. Solomon Beein 

£. Bougeinville- 
New Britein 
Trench 
Flenet 
Depth: 
0,410 m 

XVI. Coral Beein 

XVII. New Hebrides Beein 
XVIII. Fiji Beein 

XIX. Beet Auitrelie Beein 
Marianne Trench: 
10,863 m 
(See NATURE, 
vol. 160, no. 

4302, 1052, pp 
601-03) 

XX. North Pacific 
BeBin(e) 

F. Aleutian 
Trench 
(7,680 m) 

0. Xurile Trench 

Tusoerora 

Depth: 

8.600 m 

H. Japan Trench 
Ramapo 
Depth: 
10,660 m 

1. Bonin Trench 
(8.660 m) 

XXI. Mariana Basin 

J. Mariana 

Trench 
(0.810 m) 

,XX1I. Central Pacific 

XXIIl. South Pacific Baain 

K. Tonga-Kerm- 
adec Trench 

Penguin 

Depth: 

0,427 m 

L. Byrd Deep 
(8.600 m) 

XXrV. Guatemala Beein 
XXV. Peru Basin 

M. Atacama 

Trench (7,636 
m) 

XXVI. Pacific Antarctic 
Basin 

AtUntio Ocean 


Western Atlantic 

Eastern Atlantic 

XXVIl. Labrador Baeifi 

XXVIII. Newfoundland Beein 

XXIX. North America Badn 

XXX. Western Caribbean Beein 

N. Cayman Trough 

S-21 Depth: 7,200 m 

XXXI. Eastern Ceribbean Basin 

XXXll. Guieae Basin 

O. Puerto Rico Trough 
Milwaukee Depth: 8,760 m 

XXXIII. Brasil Beein 

XXXIV. Ai^entiiie Basin 

XXXV. South Antillee BeeiD 

XXXVI. North Polar Basin 

XXXVII. West Europe Basin 

XXXVIll. Iberia Beein 

XXXIX. Canaries Basin 

XL. Cape Verde Basin 

XLI. Sierra Leone Basin 

P. Romanehe Trench 

XLII. Guinea Basin 

XLllI. Angola Basin 

XUV. Cepe Basin 

XLV. Alphas Bedn 

V. Atiantie-Indieii Ant- 
arctic Baste 

Q. South Sandwich 

Tkweh (8,264 m) 
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Subject Index 


Absorption coefficients for dissolved 
gases, 190, 101, 202 

Absorption of radiation (see Radiation) 
Abyssal-benthic sone, 277 
animals of, 805-810 
Accessory growth factors, 769 
Adaptations to planktonic existence, 
7^766, 821-823 

Adiabatic temperature distribution, Min- 
danao Trench, 739 

Adiabatic temperature gradient, 63, 64 

Advection, de^ition of, 157 

A^lhas Stream, 696 

Air-bome material in sediments, 955 

Aleutian Current, 722, 723 

Algae: 

benthic, distribution of, 290, 291, 293, 
295, 782 

blue-green, 288-290 
brown, 291-294 
coralline, 290, 295, 855 
green, 290-291 
red, 294-295 
yellow-green. 295-302 
Alkalinity, 195-198 
distribution, 208-210 
relation to calcium carbonate content, 
1000, 1001 

Allogenic minerals in sediments, 987 
Alternation of generations: 
animals, 306, 319-320 
plants, 290, 292, 294 
Aluminum, 182 
Ammonia: 

distribution in oceans, 243, 244 
produced on sea bottom, 995 
role in nitrogen cycle, 256, 257 
seasonal variation, 252, 253 
Amphidromic point, 557, 558 
Anchoring, in deep sea, 361, 362 
An^Iar velocity of earth's rotation, 
433 

Animal exclusion, hypothesis of, 900 
Animal population, 303 
diversity of, 282 




Animal population (CofU .) : 
ecological groups: 
benthos, 280, 800 
nekton, 281, 810 
xooplankton, 281, 812 
synopsis of, 304-314 

Animals and the environmental factors, 
823-873 
light, 824 

color correlations, 824-830 
structural correlations, 830-833 
vertical migrations, 83^839 
ocean currents, 858-M9 
dispersal by, 858 

maintenance of endemic population 
by, 863-865 
oxygen, 869 

anaerobic conditions, 871 
consumption of, 852, 853, 870, 873 
salinity, 839-843 
a selective agency, 840 
euryhalinity, 840 
sise and, 842 
stenohalinity, 839 
temperature, 843-858 
effect of freesing, 

influence on calcium precipitation, 
853 

influence on geographic distribution, 
845, 849, 851 

influence on metabolism, 852 
influence on reproduction, 845-849., 
857 

influence on sise, 855-857 
influence on speciation, 867-869 

Annelida; 
reproduction, 321 
synopsis, 308 

Antarctic Circumpolar Current, 613-621 

Antarctic Circumpolar Water, 607, 610- 
611 

renewal, 620 

Antarctic Convergence, 189 
biology of, 809, 941, 942 
formation, 618 
location, <M16, 607 
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Antarctic Intermediate Water, 139, 608 Bacteria {Cmi.): 
formation, 619 modes of life. 910. 913 


Indian Ocean, 691, 692, 697 
North Atlantic, 670, 685, 686 
South AUantic, 626, 627, 629 
South Pacific, 699-701 
spreading of, 139, 744, 745 
Antarctic Ocean: 
bottom topography, 32 
currents, 61^21 
oxygen distribution, 621-623 
water masses, 605-613 
Antilles Current, 672, 675 
Aragonite, 998, 1027 
Arctic Intermediate Water: 

North Atlantic, 670, 685, 686 
Pacific, 717, 718 
formation, 722 
spreading, 745 
Arctic plankton, 856, 868 
Argon, 189 
Arsenic, 183 
Arthropods: 
reproduction, 322-324 
synopsis, 309 

Artificial sea water, 185, 186 
Ascendant, definition of, 156 
Associations of organisms, 880-882 
commensalism, 881 
environmental associations, 880 
parasitism, 882 
symbiosis, 881 
Atlantic Ocean {see also North ‘^Atlantic 
and South Atlantic) : 
boundaries, 11 
equatorial region, 631-637 
currents, 632-637 
water masses, 631, 632 
oxygen distribution, 210, 686, 748 
tides, 581-585 

Atmosphere, composition of, 189 
Authigenic minerals in sediments, 1027 
frequency of occurrence, 987 
Auxospores, 298 

H 

Bacteria : 

aerobic, in sediments, 212, 996 
anaerobic, in sediments, 212, 996 
bottom deposits, effect on, 917-918 
collection and analysis of, 383 
denitrifying, 257 
distribution in the sea, 918-920 
importance in sedimentation, 995 
importance to precipitation of iron 
compounds, 1032 
in the Black Sea, 871 


autotrophic, 910 
heterotrophic, 911 
oxy^n rdations, 913, 917 
nitrifying, 256 

occurrence in sediments, 1016 
possible role in petroleum formation, 
996 

structure and reproduction, 908-910 
used to determine organic carbon, 249- 
> 251 

utMizers of dissolved organic matter, 
911-913 
Baffin Bay: 

bottom topography, 30 
water masses, 663-665 
Baltic Sea, 657-^58 
Barite concretions, 952, 1033 
Barium, 183 

Barnacles, reproduction of, 324, 326 
Barriers, faunal {see Zoogeography) 
Base-exchange in clay minerals, 988, 990 
importance to flocculation, 958 
Basins, 23, 26 

adjacent seas, 37, 38, 736, 738 
sediments in, 1026, 1028 
with inflow across thc^ill, 148, 149 
with outflow across the sill, 147, 148 
Basin water, 147 
plant nutrients, 246, 1028 
stagnating, 1026, 1028 
Bathythermpgraph, 352 
Bay of Fundy: 
tidal currents, 569 
tides, 562, 563 
Beach: 
deposits: 

character, 1023 
composition, 1022 
texture, 1019-1023 
relation to slope of beach, 1018 
1019 

equilibrium state, 44 
terminology, 43, 44 
Benguda Current, 627-629 
Benthic environment and its subdivi- 
sions, 275-278 

Benthic organisms, importance of to 
texture of sediments, 997 
Benthos, 280 

biological factors in the concentration 
of, 907-908 
collection of, 374-375 
deep-sea, 805-810 
littoral, 800-805 
vertical distribution of, 806-807 
Bering Sea, 732, 733 
Bering Strait, currents of, 665, 723 
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Bioeycles, 274 

Biologicftl factors influencing movements 
and concentrations of organisms, 
826-908 

Bioluminesoence, 300, 304« 814, 833-835 
Biosphere, 274 
Biotope, 279 
facies of, 280 
inhabitants of, 280, 879 
Bipolarity, 849-850, 868 
Birds dependent upon the sea, 313, 942 
Bjerknes’ theorem of circulation, 460-462 
Black Sea, 649-651 
biology of, 871-872 
lamination in sediments, 1040 
Body fluids: 
composition, 232, 270 
osmotic relationships, 269, 272 
control of, 271 
relation to sea water, 269 
Bolting cloth, 377, 378 
Boric acid, influence of on alkalinity, 198, 
199 

Boron, 180 

Bosporus, currents of, 650 
Bottom samplers, 344-347, 375 
Bottom topography: 
illustrated, 18, 30, 32, 34, 35 
influence on currents, 466-469 
large-scale features, 23, 27-30 
maximum depths, 18, 19 
nomenclature, 25-27 
profiles, 17, 18 
representation of, 16 
Bottom water, formation of, 138, 139 
Antarctic, 611, 612 
Irminger Sea, 682, 683 
Labrador Sea, 664 
Mediterranean, 645, 646 
Norwegian Sea, 656, 657 
Bottom water, potential temperature of, 
749 

Bottom water of the oceans, 745-754 
Boundary condition: 
dynamic, 441 
kinematic, 424 

Boundary surface, slope of, 444 
Boundary waves (see Internal waves) 
Bowen ratio, 117 
Brachiopoda synopsis, 308 
Brandt’s theory of phytoplankton 
growth, 768, 784 

g rasil Current, 628, 629 
romine, 479 

Browsing animals, 895-896 
Bryosoa synopsis, 308 
Buffer action of sea water, 195, 202 
ecological importance, 268 
By*the<wmd sailer (see VekUa) 


C 

Calanus: 

abundance correlated with herring 
catches, 906-907 

abundance correlated with whale 
catches, 905 

biology of, in the Gulf of Maine. 864 
feeding mechanism, 886-887 
oxygen consumption by, 853, 870, 873 
reproduction, 322-323, M3 
vertical migrations, 836-837 
Calcareous material in sediments (see 
also Calcium carbonate): 
organisms contributing to, 950 
Calcareous oozes (see also Pelagic sedi- 
ments), 972 

areas covered by, 975, 977, 978 
Calcite, 998, 1027 
Calcium, 178, 179 

deposition by animals, 304-306, 853- 
855 

deposition by plants, 290, 301, 855 
Calcium carbonate: 

factors controlling organic precipita- 
tion, 999, 1000 

inorganic precipitation, 208, 998 
percentage in sediments, 998-1008 
as function of depth, 1004, 1005 
distribution, 1002-1008 
factors controlling, 1007, 1008* 
solubility, 205-208 
solution near bottom, 1001 
supply to sediments, 1000 
California Current, 724-727 
annual variation of temperature, 131, 
132 

comparison with Peru Current, 725 
off ^uthem California, 454 
Canyons: 

sediments in, 1024, 1026 
submarine: 

character, 39-41 
formation, 41, 42 
Carbon, 179 
cycle of, 916 
in sediments, 1010, lOU 
organic, 248-251 
ratio to nitrogen, 1010 
Carbon dioxide: 
as a limiting factor, 768 
as a measure of production, 768 
distribution, 208-210 
exchange with atmosphere, 203 
importance deposition of calcium 
carbonate, 1000, 1001 
methods of determination, 102, 193 
partial pressure, 201-203 
solubiUty, 190, 191, 202 
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Ckthon dioodda (Cmi.): 

^ynteoD, 107-202 
utilisaticm of/ by plants, 708 
Oarboaio add, diModaiion oonatanta of, 
109, 204, 205 

Oaibon-nitrogen-pbosphoniB ratio, 286, 
237, 931 
Caribbean Sea: 
bottom topography, 35 
ourrente, 041, 042 
oxygen content, 040 
water maeeee, 638, 641 
Ceraiiufn (see Dinoflagellates) 
Chaetognatha: 
as indicator species, 803 
reproduction, 322 
synopsis, 308 

** Challenger," dredging by, 805-807, 800 
Chemical transformations, importance 
of to sediments, 052 
China Sea, 735 
Chitin, 289 
Chlorine, 175 
Chlorine-equivalent, 52 
Chlorinity, 51, 52 
units for expressing, 51 
Chlorosity, 52 
factors, 107 

Chordata, synopsis of, 312-314 
Circulation: 

Bjerlcnes’ theorem, 400-462 
deep water, 745-755 
thermal, 507-509 
thermohaline, 509-510 
transverse; 

Antarctic Circumpolar Current, 018- 
020 

caused by upwelling, 501 

Equatorial Countercurrent, 635, 630, 
711 

Gulf Stream, 076 

Circulation (water movements), bio* 
logical significance of, 273-^4 
Clay minerals, 988-990 
base exchange, 988, 990 
fiocculation, 958, 990 
groups of, 989 
origin, 900 
Cl-ratio, 107 
Coccolith oose, 973 
Coccolithophoridae, 301 
Codenterata: 
reproduction, 319-320 
synopsis, 300 
CoUeetion of: 
bacteria, 383 
benthos, 374 
nekton, 370 
plankton, 870-383 


Color of animals, 824-880 
changes, 825-427 
of deep-sea animals, 826-829 
of surface oceanic animals, 827 
protective, 820 
Color of sediments, 967-909 
continental shelf, 1023 
deep-sea, 978, 979 
Color of the sea, 88, 89 
Color of water, biological causes of, 289, 
783-784 

Compensation depth, 779 
in various areas, 780 
Compensation point, 778 
Composition of foraminiferal tests, 991 
Composition of marine organisms: 
average, 230 
body fluids, 232 
concentration of elements, 233 
elements reported, 228, 229 
ratios O: C: N : P, 230, 237 
skeletal material, 231 
Composition of river water, 214-216 
Composition of sea water, 165-174 
constancy, 165-168 

influenced by exchange with atmos- 
phere, 212, 213 

influenced by freezing, 216-219 
influenced by rivers, 213-216 
tables, 166, 173, 176, 177 
Composition of sediments, 971, 972 
Compressibility, 08 
Concentrations, 158 
conservative, 158 
non-conservative, 159 
units for reportmg, 169, 171 
Conductivity: 
electrical, 71, 72 

thermal (see also Eddy conductivity), 
60, 61 

Continental shelf: 
average mclination, 21 
extension, 20, 21 
formation, 24, 25, 1019 
sediments on, 1018-1023 
Continental slope, inclination of, 22 
Continuity, equation of, 423-420 
used for finding layer of no motion, 457 
Convergence, 419, 420 
caused by winds, 500-503 
regions of, 139, 140 
vertical motion derived from, 425 
Copepoda (see also Catanus): 
as food for fish, 892, 907 
as food of whales, 905 
as grazers, 772, 901 
food of, 901 

reproduction, 322, 328, 903 
synopsis, 309 
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Cor»l-reef6: 
formation of, 854-M5 
organisms of, 855 
Ccrals: 

reproduction of, 319 
systematic position of, 306 
**Core method,*' 146 
Cores of sediments: 
apparatus for obtaming, 345-347 
comi^tion, 1037 

relation between water content and 
particle sise, 094 
stratification in, 1038, 1039 
Coring apparatus, 345--347 
Coriolis force, 433-438 
importance to ocean currents, 390 
importance to waves, 520 
Cotidal Imes, 557 
charts, 563 

semidiurnal tide of Atlantic Ocean. 
581, 582 
Crmoidea: 

bathymetric distribution, 807 
synopsis, 312 
Ctenophora, 307, 320, 890 
Current meters, 366-373 
Currents (see also Circulation, Tidal cur. 
rents, and Wind currents) 
absolute, 455-457 

accuracy of computed, 393, 394, 453- 
455 

computation, 391, 447-452 
derived from ships’ logs, 427, 428 
denved from tongue-hke distributions, 
503-607 

effect of bottom friction, 499, 500 
effect of bottom topography 466-469 
Antarctic Circumpolar, 616 
North Atlantic, 681 
North Equatonal, Atlantic, 671, 672 
importance to distribution of sedi- ‘ 
ments, 965, 966, 1042, 1043 
m stratified water, 444 -447 
related to the distribution of density, 
38^395, 447-451 
relative, 391, 442, 447-451 
representations, 428-430 
slope, 442, 458 

sorting of shallow water sediments by, 
1017-1019 

transportation of particles along bot- 
tom by, 959-966 

transportation of settling particles by, 
959 

units used, 363 
vertical convection, 510, 511 
wave-hke pattern in South Atlantic, 
630 

Cychc salt, 213, 214 


D 

Davidson Current, 725 . 

Dead water, 587 
Deeps, 20 
of the oceans, 29 
DeepHiea anchonng, 361, 362 
DeepHiea benthos, 805-810 
characteristics, 807 
early discovenes, 805 
food of, 808 

honsontal distribution, 810 
Deepn^iea environmental system, 27o-276 
Deep water (see also under specific 
geographic regions). 
circulation, 746-756 
formation, 138, 139 

, lienmark Strait, flow through, 652-655 
I Density, 66, 57 
I computation, 57 

direct determinations, 53 
general distribution, 137-140 
maximum, 66, 68 
Density currents, 41 

Deposition of sediments (see Sedimen- 
tation), 960 

Depth of frictional resistani^e, 396, 493 
^’Desert quartz” m sediments, 955 
Detritus feeders and scavengers, 892-895 
Development of auunals (see also life 
cycles)* 
direct, 318 
mdirect, 618 
of deep-sea animals, 318 
Diatomaceous ooze, relation of to organic 
production, 942 

Diatom ooze (see Pelagiq sediments) 
Diatoms* 

as primary producers, 287, 296 
auxospores, 298, 763 
control by grazing, Ti 1-772, 901-902 
geographical types, 791, 793 
method of flotation, 764r-765 
number m the open sea, 763 
number of important planktonic spe- 
cies, 762 

nutrient absorption, 782-783 
nutrient requirement, 768, 782-783 
on whales, 299, 831 
’’persistent” culture of, 780 
reproduction, 297-299 
resting spores, 299, 762-763 
sinking, 772, 781, 893 
importance nf nscoaity, 794 
structure, 295-297 
systrophe in, 779, 781 
temperature requxrementB» 770, 792- 
794 
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Diatoma {ContJ)\ 

tychopelagio forma in the plankton, 762 
Diffiiaion (eea also Eddy diffuaivity), 69 
Dimenaions uaed in mechanica, 40(>^2 
Dinoflagellatea : 
diatribution, 762 
methoda of flotation, 765-766 
number of important apeciea in the 
plankton, 762 

nutritional requirements, 299, 385 
rate of production, 790, 930 
reproduction, 300 
atnioture, 29^300 
ayatematic poaition, 304 
temperature requirementa, 385, 762 
Diurn^ migrationa, 836-839 
Divergence, 420 
caused by wind, 500-503 
near Antarctic continent, 620 
near the equator, 635, 711 
regions of, 140 

vertical motion derived from, 425 
Dolomite, 952, 998, 1027 
Dredge, 374, 375 
Drift bottles, 364, 365 
Drift of plants, 791-792 
Dynamic computations, 392, 408-411 
example, 411 

Dynamic equilibrium, principle of, 160- 
163 

Dynafhic meter, 392, 403 
E 

Earth, size of, 9 

Earthquake waves (see also Tsunamis), 
543, 544 

Earth’s rotatiod: 
angular velocity, 433 
deflecting force, 390, 433-438 
East Greenland Current, 659, 660 
East Indian Archipelago, basins and 
waters of, 736-739 
Eohinodermata : 
reproduction, 324, 325, 326 
83mop8i8, 311-312 

Echo sounding {see also Sonic soundings), 
76 

Ecological groups of animals {see Animal 
population) 

Eddy conductivity, 92 
computation from temperature obser- 
vations, 135-137 

Eddy conductivity of the air, 114 
Eddy diffusion: 

importance to transportation of sedi- 
ments along bottom, 962-966 
lateral, dispersal of suspended material 
by, 959 


Eddy diffuaivity, 93 
effect of stability on, 476, 477 
importance to tongUe-like distribu- 
tions, 504-507 
lateral, 92, 93 

importance to sedimentation, 959 
importance to tongue-like distribu- 
tions, 506, 507 
numerical values, 483, 485 
numerical values, 481, 483, 484 
Eddy viscosity, 91, 473, 474 
influence of stability on, 476 
Numerical values, 481, 482 
related to lateral mixing, 474, 475 
Antarctic Circumpolar Current, 621 
Equatorial Countercurrent, 634 
numerical values, 485 
Eel grass: 

as primary producer, 303, >893, 936-937 
structure and reproduction, 302-303 
Eels: 

dispersal of larvae, 861-862 
homoiosmotic condition, 271 
migrations, 811 

Ekman current meter, 367, 368 
Ekman spiral, 493 
Ekman water bottle, 354 
Elasmobranchs, 312 » 
osmotic pressure of body fluids, 271 
Electric conductivity, 71, 72 
Elements derived from earth’s crust, 219- 
222 

Elements present in marine organisms, 
228, 229 

concentration of, 233 
Elements present in sea water, 174 
table, 176, 177 
El Niflo, 704, 705 
effect on fauna, 274 
Emerita: 

dispersal of larvae, 859-860 
feeding habits, 895 

Endemic populations, maintenance of, 
863-865 

Energy equation, 441, 486 
Environment, marine: 
antiquity, 281-284 
characteristics, 268 
classification, 275-280 
extent, 274 

Environmental factors {see Light, Cur- 
rents, Oxvgen, Salinity, and Tem- 
perature) 

Equatorial Countercurrent: 

Atlantic, 633-637 
Indian Ocean, 696 
Pacific, 700-712 

Equatorial currents {see North and South 
Equatorial Currents) 
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Equisealar curves, 155 
Equisealar surfaces, 154, 155 
Equivalent diameters of sedimentary 
debris, 958 

compared to true dimensions, 982 
statistical terms derived from, 970, 971 
used for classifying sediments, 957, 974 
Eroding velocity of ocean currents, 961 
Erosion by currents, 41, 960-962 
Euphausiids: 

as food of whales, 904, 906-907 
reproduction, 323 
synopsis, 310 
Euphotic sone, 774 
Eurybathic animals, 806 -807 
Evaporation; 

annual variation, 1 22 
average annual, 120 
computation of, 119, 120 
diurnal variation, 122, 124 
from the Black Sea, 650 
from the Mediterranean Sea, 647 
in different latitudes, 120, 121 
table, 123 
latent heat of, 62 
observations of, 119 
process of, 115-119 

Extraterrestrial material in sediments, 
952 

F 

Faeroe-Shetland Channel, flow through, 
652-655 

Falkland Current, 628, 630 
Faunal areas (see Zoogeography) 

Feedmg mechanisms, 886-898 
Filter feeders, 377, 886-892 
rate of filtering, 901-902, 930 
Fishes (see also under specific fishes) : 
deep-sea fishes: 
adaptations, 828^835, 897 
food of, 896-897 

dispersal of eggs and larvae, 861, 865 
feeding habits, 884, 890, 892 
migrations, 811 
osmotic regulations, 271 
reproduction, 325 
synopsis, 312 
visual depths, 831-833 
year clasm, 326-328 
Floating adaptations: 
in aniugials, 818, 821-823 
in diatoms, 764-765 
in dinoflagellates, 765-766 
Flocculation of fine sediments, 958 
Florida Current, 672, 673-675 
compared with Kuroshio, 720 


Fluorine, 180 
Fog, advection, 118 
Foraminifera: 

in deep-sea sediments, 983-985 
reproduction, 319 
synopsis, 304-305 
Foraminiferal number, 985 
Foraminiferal tests, composition of, 991 
Fore] scale, 88 

Freezing point of sea water, 65-67 
Friction: 

boundary, 478-481 
general terms, 469, 470 
simplified terms, 475 
Frictional forces, 469 
in presence of turbulence, 474-476 
Frictional stresses (see also Wind stress), 
68, 69 

I due to lateral turbulence, 474 
i Antarctic Circumpolar Current, 621 

Equatorial Countercurrent, 634 
I importance to dynamics of ocean 

currents, 489 

due to vertical turbulence, 471-474 
Fuous, 286, 291 
reproduction, 293 
zone, 277 

G 

Geochemistry. * 

importance of sediments to, 947 
of the ocean waters, 219-222 
Geopotential, 403 
anomaly, 409 
topography, 404 
illustrated, 454, 726 
of isobaric surfaced, 412-413 
Glacier ice (see Icebergs) 

Glauconite. 1035, 1036 
factors important to formation, 997 
frequency of occurrence, 987 
Globigerina ooze (see Pelagic sediments), 
305 

Gradient 156 

Grazers of the sea, 884-886, 901-903 
Grazing as a control of diatoms, 901- 
902 

Gulf of California, 730-732 
lamination in sediments, 1040 
Gulf of Mexico: 
bottom topography, 35 
currents, 642 
oxygen content, 641 
water masses, 639-642 
GuU Stream, 672, 675-680 
Gulf Stream System, 672 
Gulf weed («<e Sarganum) 
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H 

Haloqihftarm, 301, 302 
Heat: 

conducted through ocean bottonii 110 
exchange, ooean-atmoephere, 114, 115 
off Norwegian coaat, 056 
epeetfle, 61, 62 

traneformed from kinetic energy, 110 
tranqxirted by ocean ouirente, 09 
Hdium, 189 

Herring, numbere correlated with cope- 
pode, 892, 906, 907 
Hiatogram, 970, 980 
Holoplankton: 

cbaracteriatic types of, 816, 817 
d]q>er8al of, 862-863 
numbers of species of, 868 
Hydrogen^ion (see pH): 

rela^ to organisms, 268, 770 
Hydrogen sulphide, 187 
amounts in sea water, 189 
at bottom of basins, 102B 
exclusion of animals by, 871, 872 
importance to precipitation of iron, 
962, 1032 

in Black Sea, 651, 917 
in sediments, 995 
Hydrometers, ^ 

Hypoplankton, 814 
Hypsographic curve, 19 

I 

Ice (see Sea ice) 

Icebergs: 

in the Antarctic, 624, 625 
in the Arctic, 667, 668 
prediction of drift, 668 
transporting sedimentary debris, 953, 
1043 

Indian Ocean: 
boundaries, 11 
currents, 695-697 
oxygen distribution, 697, 698 
water masses, 690^95 
Indicator species, 791-792, 793, 847, 849, 
862-863, 865-867 

Individual population suceession, 384 
Individual time change, 157 
Inertia, circle of, 437 
motion in, 438, 439 

Inorganic precipitates in sediments, 951, 
952 

Insects, 310 

Insular shelf, formation of, 24 
Internal waves, 586 
comparison between theory and obser- 
vations, 597-600 


Internal waves (CmU,): 
currents associated with, 588-590, 594 
effect of Corioli's force, 595, 596 
effect on results of dynamic computa- 
tion, 601, 602 
importance to mixing, 601 
long, 587 

obligations, 591-595 
short, 586 
stancUng, 60^ 601 

where density vanes continuously, 
589-591 

Intcirstitial water, 995 
Intertidal sone, 276 
animals of, 276, 840, 844 
Iodine, 183 

Ionic activity, 203-205 
Ionic product, 205 
of calcium carbonate, 205-207, 999 
Irminger Current, 682 
Inninger Sea, water masses of, 682, 683 
Iron, 183 

as a limiting factor for diatoms, 769 
in red clay, 1031, 1032 
precipitation of, 952, 1031, 1032 
laentropic surfaces, 415, 416 
Isobano surfaces, 390, 440 
absolute topography ,,,456, 457 
inclination, 410-412, 440 
relative topography, 412, 413, 452-455 
illustrate, 454, 726 
Isobaths, 16 

Isotopes in im water, 47, 49 
J 

Japan Current (see Kuroshio) 

Japan Sea, 734, 735 
Jellyfish (see Medusae) 

K 

Kelp, 287 

habitats, 287, 291, 293 
structure and reproduction, 292, 293 
Knot, 363 

Kuroshio, 719, 720, 721 
annual variation of temperature, 131, 
132 

eddy conductivity derived from, 136, 
137 

Kuroshio Countercurrent, 719 
Kuroidiio Extension, 719, 721, 722 
Kuroshio System, 719 


Laboratories on board ship, 889, 340 
Labrador Current, 665 
meeting Gulf Stream, 682 
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Labrador Sea: 
eurreote, 600, 666 
water maBses, 666--065 
Laminar boundary layer, 479 
Laminar 6ow, 80, 470 
Laminarian aone, 277 
Laminations in sediments: 
deep sea, 1038, 1039 
shallow water, 1039-1040 
Larvae (see Zooplankton, temporary) 
Lateral mixing (see Eddy viscosity and 
Turbulence) 

Law of parallel solenoids, 455 
Layer of no motion, determination of, 
456,457 

Level, reference, for depths, 10 
Level surfaces, 390, 402 
Liebig’s law of the minimum, 768, 792 
Life cycles of animals (see also Reproduc- 
tion), 283, 319-322 

field studies of, 322-323, 845-848, 862- 
865 

life m the sea, development of, 281-284 
light; 

related to animal ecology, 824-839, 
851, 899 

related to plant production, 774-776, 
781-782 

Ltmacinaf biological studies of, 384 
Ltmnoria, 310 
food of, 896 
reproduction, 317 
Lithium, 182 
Littoral system, 276-277 
animals of, 800-805 
horisontal distribution, 803-805 
plants of, 286-295, 302 
subdivisions, 275, 276, 286 
Local change, 157 
Local sequence, 384 
Luminescence (see Biolummescence) 
Lunar hours, 548 

M 

Magnesium, 175 
Mammalia: 
reproduction, 326 
synopsis, 313 
Manganese, 184 
in red clay, 1029, 1030 
nodules and concretions, 952, 1028 
Mechanical analysis of sediments, 958, 
970 

Meditefkanean Sea: 
bottom topography, 34 
currents, 647, 648 
formation of bottom water, 645 
oxygen content, 648-650 


Meditmanean Bea (Coni.): 
plant nutrients, 245 
water masses, 643-646 
Mediterranean Water, 4»readiBg of, 670, 
685, 686, 745 
Medusae: 

biological studies on, 320, 820 
reprc^uction, 320 
ssmopsis, 306 

MeropUnkton (su Zooplankton, tem- 
porary) 

Messengers, 354 
Meter wheel, 338 

Micro-plants, si|piificance of, 883- 884 
Migrations: 
eei, 811, 861-862 
from land to sea, 283, 302 
from sea to land, 284 
salmon, 811 
vertical, 835-839 
whales, 811, 905 
Mixing length, 472 
near a boundary surface, 479 
Mollusca: 

reproduction of, 324 
synopsis of, 310-311 
Momentum, transport of, 472, 473 
Mucus feeding, 889, 894 
Mud fiows, 960 

N 

Nannoplankton, 819 
Nansen water bottle, 353, 354 
used for collecting phytoplankton, 382 
Nathansohn’s theory of plant nutrient 
distributkm, 784 
Nekton, 281, 810-812 ^ 
biological factors in movements of, 
904-907 

Nemertinea, synopsis of, 307 
Neon, 189 
Nereoqfsiis: 
reproduction, 292 
structure, 292 

Neritic environmental province, 275, 
279, 784 

Nets, plankton, 376 
catching power, 378-379 
operation, 380 
types, 379 
Nitrate: 

distribution in basins, 245 
distribution in oceans, 241-243 
related to deep-water cireulation, 
754 

factors influencing distribution, 246 
produced on sea tottom, 995 
reduction and denitrification, 915 
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Nitrate (CorU,): 
regeneration, 254-267 
seasonal variationy 252, 253 
utilization as & measure of production, 
932 

Nitrate-nitrogen, ratio to phosphate- 
phosphorus, 236, 243 
Nitrite: 

distribution in oceans, 243 
produced on sea bottom, 995 
Nitrogen, 181 

compounds, utilization of by plants, 
768 

in sea water, 252-255 
seasonal variation, 252 
transformations, 253-255 
dissolved: 

amounts in sea water, 188 
determination, 187 
solubility, 188-191 
in sediments, 1010, 1011 
Nitrogen cycle, 913-91 G 
ammonification, 914 
in the sea, 255-257 
nitrification, 914 
mtrogen assimilation, 915 
Nitrogen fixation, 916 
Nitrogen-phosphorus ratio in plankton, 
236, 768 

NUgschia closiertum^ 296, 769 
photQsynthesis, 781, 933 
Nodtlueaf 304 

reproduction, 319 ^ 

Normal Water, 51 

North Atlantic Current, 673, 680-683 
North Atlantic Ocean : 
currents, 671-686 
oxygen distribution, 686 
water masses, ^8-671 
North Equatorial Current : 

Atlantic, 671 
Indian Ocean, 696 
Pacific, 708, 709, 718, 719 
North Pacific Current, 719, 722 
North Pacific Ocean: 
currents, 718-728 
eastern gyral, 723, 724 
oxygen distribution, 728-730, 753 
water masses, 712-718 
North Polar Sea: 
bottom topography, 30-32 
currents, ^1 
oxygen content, 662, 663 
water masses, 658, 659 
North Sea: 
currents, 660 
water masses, 657 
Norwegian Current, 659, 660 
fluctuations, 655, 661, 662 


Norwegian Sea: 
bottom topography, 30-32 
currents, 659 
inflow of water, 652-656 
outflow of water, 652-656 
oxygen content, 662 
water masses, 656, 657 
Nursery areas, 315 
Nutritional relationships, 882-898 
micro-animals, significance of, 884-886 
micro-plants, significance of, 883 

O 

Obeltaf 306 
reproduction, 320 

Ocean currents, ecological relations of: 
animals, 858^69 
plants, 782-792 

Oceanic environmental province, 275, 278 
I animals, 821, 827 
plants, 763 

! Oceanographic vessels, 331-333 
I Oceans: 

I areas, 13, 15 

I boundaries of subdivisions, 12 

I mean depths, 13, 15 

t volumes, 13, 15 
i OtkopUura: 

feeding mechanism, 888 
' systematic position, 312 
Okhotsk Sea, 733 

, Oozes, ecological importance of, 278 
I Organic constituents in sediments, 949- 
951, 983-986 

I Organic environment, 879 
Organic matter: 

I dissolved, utilization of, 911-913 
I in sediments, 951 

I chemical composition, 1010 

I decrease with depth in deposit, 1016 

I distribution, 1013- 1017 

I factors determining amounts. 1012- 

1013 

quantity, 1008-1010 
sources, 951, 1011 

Orgamc production m the sea, 925-926 
commercial, 936-937 
cycle of organic matter in the sea, 
926 

in different regions, 937-944 
phytoplankton, 927-984 
zooplankton, 934-936 
Osmotic pressure, function of salinity and 
temperature, 66, 67 
Osmotic relationships of body fluids: 
fresh-water animals, 269 
marine animals, 269, 271, 839 
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Oxidation^reduotion potential, 211, 212 
importance to accumulation of iron in 
sediments, 1032 

importance to accumulation of man^ 
ganese in sediments, 1031 
in sediments, 095-907 
Oxygen: 

as an environmental factor, 869-873. 
903, 913, 917 

m organic matter in sediments, 1011 
production and consumption of, as 
index of organic production, 933- 
934 

production by plants, 767, 777, 933 
Oxygen, dissolved' 
depletion ^n mterstitial water, 995 
depletion in relation to nutrient eon- I 
tent, 237 i 

determination, 187 i 

relation to pH distribution 209 ' 

solubility, 189-191 

Oxygen consumption, bacterial, as a | 
measure of organic carbon, 250 
Oxygen content (see under specific geo 
graphic regions) 

oceanic deep-water, 74b, 7^8, 752 754 
Oxygen distribution (see imder spcnfic 
geographic regions) 
conditions for stationary, 16^ lo2 
related to deep-water circulation, 754 • 

Oyashio, 721, 733 - 

meeting Kuroshio Extension, 722 
Oysters, reproduction of, 316, 324, 846- 
847, 857 

P 

Pacific Ocean (see also North Pacific and 
South Pacific) 
boundaries, 11 
equatorial region, 706-712 
currents, 708-712 
oxygen content, 710, 71 1 
phosphate, 710, 711 
silicate, 710, 711 
water masses, 706-708 
oxygen distribution, 728-730, 753 
Palagomte, 1027 
frequency of occurrence, 987 
Pelagic environment and its subdivisions 
278 

Pelagic sediments (deposits), 972 
areas covered by, 977 
average percentage of calcium car- 
Imnate, 1006 

chemical composition, 991, 992 
classification, 972-973 
color, 978, 979 

content of organis matter, 1015 
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Pelagic sediments (deposits) fCoaf )• 
depth range, 978 
distribution, 974-978 
inorganic constituent, 986-990 
iron content, 992, 1030-1032 
manganese content, 992, 1028-ia31 
minerals, 986-990 
organic constituents, 983-986 
phosphorus content, 992, 1032 
radium content, 1034, 1035 
rate of deposition, 1038, 1039 
texture, 979-982 
Pendulum day, 437 
Permeability of sediments, 994 
Persian OuJf, 690 
Peru Current, 701-705 
comparison with Califoinia Cuirent, 
703 

organic production in 942 
Petroleum formation in marine sedi- 
ments, 947, 1009 
possible role of bac teria 996 
Pctttrsson-Nansen water bottle, 352 
PhaeocysiiSf 301 
Philnpsite, 1027 
irequ(nc\ oi occurrence, 987 
pH of sea ^ater, 193 
determination, 193, 194 
distribution, 208-210 
role in carbon dioxide system, 195-202 
Phosphate * 

as a limiting factor, 768, 788 
distribution 

factors influencing, 246, 247 
m basins, 245, 246 
in oceans, 239-241 
related to deep-water circulation, 
754 

m South Atlantic, 786-788 

regeneration, 260-261 
m isolated areas, 932 
seasonal variation, 258 
utilization of, by plants, 768, 931-932 
1 Phosphate-phosphorus, ratio to nitrate- 
nitrogen, 236, 243 

Phosphorescence (see Bioluminescence) 
Phosplionte nodules, 952, 1032, 1033 
Phosphorus, 182 
in red clay, 1030, 1032, 1033 
organic, m sea water, 257 
Phosphorus cycle in the sea, 260-261, 916 
Phosphorus-nitrogen ratio m plankton, 
236 

Photosynthesis of phytoplankton, 774 
energy and illummation, 776 
experiments, 777—782, 9^ 
assimilation, 777 

‘ Photosynthesis ratio to respiration, 983 
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PhyMUa: 
reproduotioiiy 820 
sygtematic pCMitkai, 806 
PhytoptanktOB (4iM olio Flaskion): 
oollMtion ud aaalyaiB, 882-^888 
number of important apeoiea in, 762 
photoaynthena, 774-782 
reUtion to aooplankton, 898-004 
Phytoplankton praluotion, 023-084 
faotora of (see Diatoms and Dino- 
flagdlates) 
index of: 
direet census, 027 

oxygen production and consumption, 
033-034 

plant nutrient consumption, 031-033 
plant pigment units, 

Pigments extracted from mud, 060 
Plankton (we aUo Ph 3 rtoplankton and 
Zooplankton), 281 
adaptations, 821-823 
collecting methods, 376-383 
equivalents, 020 

macro-, micro-, and nannoplankton, 
819 

neritic, 820 
oceanic, 821 

Plankton and filter feeders, 886-892 
Plant nutrients, 236 
and vertical circulation of water, 
7^700 
convection, 700 

regions of divergence sj^d con- 
vergence, 787, 788 
stabiluntion, 780 
turbulence, 787-780 
upwdling, 786-786 

factors influencing distribution, 236, 
236 

renewal in surface layers: 

Antarctic region, 620 
Equatorial Counterourrent, Atlantic, 
636 

Equatorial Countercurrent, Pacific, 
712 

North Atlantic, 682 
off coast of California, 726 
off coast of Peru, 702 
off west coast of South Africa, 628 
storage in the sea, 784-786 
winter maxima and summer minima, 
089 

Plants (iee also Algae and Eel grass): 
higher plants, 302-303 
major producers in the sea, 287 
ThaJlophyta, 288-302 
Flatyhelminthm, 807 
Flettrobroekis, 807, 800 
Briymeriaation of water, 47 


Population, 162 

Porosity of sediments, 903, 004< 
Portui^ess man-of-war (eee Phyealia) 
Potassium, 179 

Potential temperature (eee Temperature) 
Pressure (eee aleo Isobaric surfaces): 
as an eoological factor, 273 
field of, 405 
internal field, 408 
total field, 413 
units, 65, 170 
PreKsure gnulient, 405 
Pre^g animals, 896-898 
Pnmary food of the sea, 882, 883 
Production (eee Organic production and 
Phytoplankton production), 162 
importance of, to organic matter in 
sediments, 1011, 1015 
Projections, map, 10 
ProtoBoa: 
reproduction, 319 
synopsis, 304-305 

Ptmp^ oose (see Pelagic sediments) 

R 

Radiation: 

absorption m pure water, 80, 81 
illustrated, 106, 106 
absorption in sea water (s^e Radiation, 
extinction coefficients) 
effective back, 111-113 
extinction coefficients, 82, 84, 85 
cause, 87, 88 

influence of sun’s altitude on, 86, 87 
of total energy, 106, 107 
from sun and sky, 101-104 
heating due to abisorption of, 108-110 
long-wave, 08 

measurements of extinction, 82, 83 
nocturnal (see Radiation, ^ective 
back) 

reflection from ice and snow, 113 
reflection from sea surface, 104 
scattering, 87 
short-wave, 08 
solar constant, 102 
’’surface loss,” 106 
Radioacoustic ranging, 341 
Radioactive elements, 184 
in sediments, 1033-1035 
Radiolaria: 
reproduction, 319 
systamgtie potion, 305 
Ra^larian ooae (eee Friagic sediments): 
areas covered by, 977 
color, 979 
depth range, 978 
distribution, 975, 976 
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B«diolftriAii oose {Cmi.): 

InorgMiio coasUtuenti, 034, 086-088 
orgaaiewnfiltuenta, 983, 986 
ra^um oontent, 1034 
Radium, 184 
in aediments, 1033-1086 
Red elay (see Pelagio aedimente): 
areas covered by, 977 
chemical composition, 091, 902 
color, 979 

oontent of organic matter, 1015 
depth range, 978 
distribution, 975, 976 
inorganic constituents, 984, 986-988 
iron content, 1030-1032 
manganese content, 4029, 1030 
organic constituents, 983, 984 
phosphorus content, 1030, 1032, 1033 
radium content, 1034 
rate of sedimentation, 1039 
texture, 980-982 
Red Sea: 
currents, 687-690 
oxygen content, 688 
water masses, 687, 688 
Red Sea water, spreading c^, 693, 695, 745 
Reducing capacity, 212 
in sediments, 996 
Red water, 89 
Refractive index, 70, 71 
Relative relief, 19 
Reproductbn (see also Life cycles): 
related to temperature, 845-849 
types, 315 

Reproductive distribution, 315 
Resting spores in diatoms, 299 
Rip currents, 537 

importance to beach sediments, 1017, 
1018 

River water, composition of, 214-216 
Rotifera, synopsis of, 307 
Roughness length, 479 
of sea bottom, 480 
of sea surface, 491 
Rubidium, 182 

S 

SagUta: 

as indicator Q>edes, 863 
reproduction, 322 
systematic position, 308 
SalUty, 50 

ss an ecological factor, 770, 839-843 
average surface values, 123, 124 
determination, 50-64 
origin, 219 

periodic variations at suilace, 126 ^ 


Salinity (Cent.): 
range in oceans, 65 
units for expressing, £1, 54 
Salmon: 
migration, 811 
transplantations, 850 
Salpa^ systematic position of, 312 
Sardine: 

feeding mechanism, 890 
quantity Bshed, 896 
SarffOBButn, 293, 883 
reproduction, 293 

Saturation coefficients for dissolved gases, 
190, 191 

Scalar helds, 154:-156 
Sea cucumbers: 

consumption of detritus by, 894 
reproduction, 325, 326 
synopsis, 311 
Sea ice; 

influence of freesing on composition of 
sea water, 216-219 
in the Antarctic, 623, 624 
in the Arctic, 666, 667 
amount influenced by currents, 662 
physical properties, 72-74 
salinity, 71, 72 

transporting sedimentary debris, 954, 
1043 

Sea level: , 

ideal, 9 
mean, 10, 561 
slope: 

riong North American east coast, 
677 

in Caribbean Sea, 641, 678 
near the equatqr, Atlantic, 634 
near the equator, Pacific, 709 
variations, 458-460 
Seals, synopsis of, 313 
Sea water; 
artificial, 185, 186 
relation to body fluid, 269 
Sedimentation, 946 
rate of. 1036-1041 

estimated by stratigraphic method, 
1038-1040 

estimated by supply method, 1040- 
1041 

Seechidisk, 82 
Seiches, 538-542 

importance to transportation of sedi- 
ments, 966 
on open coasts, 542 

Settling velocity of sedimentary debris, 
956-959 

importance to traiiiqiKurtation along 
bottom. 962-966 
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80Uling T^ooity of sedimentary debris 
(Cenl.): 

eise-grade distribution derived fromi 
WO 

Sharks (see iSasinobranchs) 

Bhordines, 42-44 
dassification^ 43 
Silicate; 

as a limiting factor, 769 
distribution in oceans, 244-245 
related to deep-water circulation, 
754 

factors influencing distribution, 246 
seasonal variation, 261, 262 
utilisation by plants, 760 
Siliceous material in sediments (see 
Diatom oose and Radiolarian 
oose): 

organisms contributing to, 950 
Siliceous ooses (see also Pelagic sedi- 
ments), 973 

areas covered by, 977, 978 
Siliceous sediments: 
diatoms in, 296 
radiolaria in, 305 
Silicoflagellates, 302 
Silicon, 180 

cycle in the sea, 262, 263 
SiU depth, 25, 147 

importance to character of basin water, 
150 

Caribbean Sea and Gulf of Mexico, 
640 

East Indian Archipelago, 736-738 
of basins in adjacent seas, 37, 38, 738 
Sise-grade distribution in sediments, 970, 
971 

represented by cumulative curves, 970, 
981 

represented by histograms, 970, 980 
statistical terms, 970, 971 
Skeletal structures of marine organisms: 
as constituents of sediments, 949 
composition, 231 
Sliming of the sea, 290, 291 
Snakes, synopsis of, 313 
Sodium, 175 
Solar constant, 102 
Solubility: 

cdcium carbonate, 205-208 
gases, 190, 191 
salts, 210-211 
Solubility product, 205 
Sonic soundings: 

^ttipment, 342, 343 
importance to knowledge of bottom 
topography, 16 

Sound energy, absorption of, 78 


available for charts of bottom topog- 
raphy, 14-16 
methods, 342-344 
Sounding velocity, 79 
Sound waves: 

velocity in sea water, 76, 77, 79 
wave length, 77, 78 
South Atlantic Ocean: 
currents, 627-630 
oxygen distribution, 630, 631 
vteter masses, 625-627 
South Equatorial Current: 

Atlantic, 628, 633 
Indian Ocean, 696 
Pacific, 708, 709 
South Pacific Ocean: 
currents, 701-706 
oxygen distribution, 728-730 
water masses, 698-701 
Specific heat, 61, 62 
Specific humidity, 116 
Specific volume, 57 
anomaly, 57, 58 
computation, 58 
Sphere depth, mean, 19, 20 
Sponges: 

reproduction, 319 ♦ 

synopsis, 306 
Stability, 416-418 
influence on turbulence, 91, 92, 476 
Stagnant water: 

destruction of organic matter in, 1012 
development, 1026 
Standard depths of observation, 357 
Starfish; 

bathymetric distribution, 807 
synopsis, 311 

Stationary distribution, 157 
Stationapr velocity field, 423 
Sterile distribution, 315, 847 
Strait of Bab el Mandeb, currents of, 
68S-690 

Strait of Gibraltar, currents of, 646-648 
Stratosphere, oceanic, 141 
Stream lines, 426 
Strontium, 179 

Strontium carbonate in radiolarians, 991 
Submarine canyons (see Canyons) 
Submarine geology, topics of 22 
Submarine topography (see Bottom to- 
pography) 

Subtropical (Convergence, 140 
in Southern Oceans, 6(96 
sinking of water in region of : 

Indian Ocean, 691 
North Atlantic, 670 
North Pacific, 714 
South AilaatiCy 626 
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Subtropioftl Convergence, sinking of 
water in region of: (Cont): 

South Pacific, 700, 701 
Suez Canal, flow through, 688, 689 
Sulphur, 178 
cycle of, 917 
Surface teneion, 70 
Suspended particles, 958 

importance to extinction of radiation, 

88 

Suspension of sedimentary debris near 
bottom, 962**965 
Swell, 536 
Symbiosis, 881-882 

T 

Temperature: 

adiabatic changes, 63-65 
annual variation: 
at surface, 129, 130 
in surface layers, 131-133 
theory, 135-137 

as an ecological factor, 770, 792-795, 
843-858 

average surface values, 127 
difference, sea-surface minus air, 128, 
129 

diurnal variation : 
at surface, 133, 134 
in surface layer, 135 
measurements, 347-352 
potential, 64 

at depths exceedmg 4000 m, 747, 749 
basin water, 149 
bottom water, 749 
Caribbean Sea, 640, 641 
China Sea and Sulu Sea, 735 
Gulf of Mexico, 641 
Mediterranean »Sea, 644 
Mindanao Trench, 739 
range, in oceans, 55 
Temperature-salinity diagram, 142 
illustrating water masses of : 
all oceans, 741 

equatorial region, Atlimtic, 031 
equatorial region. Pacific, 707 
Indian Ocean, 692 
North Atlantic, 669 
North Pacific, 713 
South Atlantic, 626 
South Pacific, 669, 700 
Subantarctio region, 612 
used for checking data, 358 
Teredo: 

depredations by, 841 
diet, 896 

Terrigenous materials in sediments, 948, 
949 


Terrigenous mud, radium contest of, 
1034 

Terrigenous sediments, 972-974 
average percentage of calcium carbon- 
ate, 1006 

classification, 973, 974 
distribution, 972, 975, 976 
rate of deposition, 1039, 1040 
Texture of sedunent: 
beach, 1019-1022 

bearing on content of orgamc matter, 
1016 

continental shelf, 1020-1022 
deep sea, 979-982 
Texture of sediments, 969-971 
Thermal conductivity (see aleo Eddy 
conductivity), 00, 61 
Thermal expansion, 60 
Thermometers, 347-352 
protected reversing, 349, 350 
unprotected reversmg, 350, 351 
Thorium, 184 
Tidal currents: 

Atlantic Ocean, 584, 585 
effect of fnction, 577-580 
influence of bottom topography, 567, 
I 568 


in sounds, 568, 569 
rotary, 570 

due to earth's rotation, 571-573 
due to interference, 570 . 

theory, 564 
Tidal ene^g^^ , 669 
Tidc-producing forces, 545-560 
**Tide rips,” 716 
I'ldes: 

analysis and prediction, 564 
Atlantic Ocean, 581 * 
character, 558 
cooscillatmg, 553 
effect of Conoh’e fore ■3, 555 
effect ol friction, 574 
importance to shallow-water sedi- 
ments, 1017 
independent, 554 
meteorological, 559 
obser •'Sitions, 359-361 


partial, 549, 568 
theories, 660-552 

Tintinnoinea, systematic posiUon of, 305 


rajectories, 426 
ransparency, 85 
ransport, volume of, 462^5 


by wind currents, 498 
North Atlantic, 683-686 
North Pacific, 727, 728 
South Atlantic, 628, 629 
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IVmiicport aeron Om eq[uator: 

Atkatie, 687, te6 
Pkdfiov 752 a 

Thmiqpoiialaoii of pftrtideB along bottom, 
952-M6 

^eet on shape, siie, and composition, 
966,967 

Transportation of particles by currents, 
959 

Transportation of sediments to the sea, 
955-956 
by ice, 953 
by organisms, 954 
by winds, 954-955 

importance to character of sediments, 
1048 

Transport of heat by ocean currents, 

99 

Trawls: beam, otter, and ring, 875, 376 
Tripping mechanism, 380 
Tropical convergences, 140 
Tropical submergence, 849 
Troposphere, oceanic, 141 
Tsunamis (see aUo i^rthquake waves), 
543 

contributing to formation of submarine 
canyons, 42 

importance to transportation of sedi- 
ments, 965 

Tunicates, bathymetric distribution of, 
807 

Turbulence (see also Eddy vuwosity and 
Eddy diffusion), 90-93, 471 
horisontal, 477, 478 
importance to transportation of sedi- 
ments, 960, 962-965 
influence of stability on, 92, 476, 477 
transport of momentum, 472, 473 

U 

Ulpa, 286, 290 
Undertow, 537 
Units, fundamental, 400 
UpwdUing; 

effect on annual variation of tempera- 
ture, 131, 132 

effect on content of plant nutrient in 
surface layer, 246, 247 
importance to organic matter in sedi- 
ments, 1044 

off coast of California, 724, 725 
off coast of Peru, 702, 703 
off Somali coast, 696 
off west coast of North Africa, 671 
off west coast of South Africa, 627, 
628 


Upwelling (Cent.): 

process, 140, 501 
Umormal-1937, 51 


Vapor pressure over sea water, 66, 115, 
116 

Vector diagrams, 421 
Vector fields, 418-420 
VeUUa, 306, 320 
Vertebrate, synopsis of, 312 
Viscosity (see aUo Eddy viscosity): 
Agamic, 69, 460, 470 
kinematic, 470 

Volcanic material in sediments, 949 
transportation to sea by winds, 055 

W 


Wake Stream, 676 
Water mass, 143 
formation, 143-146 

Water masses of the oceans (see also 
under geographic regione), 739-745 
Water type, 143 

Waves (see also Internal waves and Wind 
waves): o 

caused by earthquakes, 543 
contributing to formation of sub- 
marine canyons, 42 
characteristics, 516-521 
destructive, 542 
effect of Corioli’s force on, 520 
"tidal,” 642 
Whales: 

biological factors in movements, 904- 
905 

diatoms on, 299, 881 
feeding habits, 892 
feeding mechanisms, 314, 891-892 
food of, 273, 904-907 
migrations, 811 
rate of growth, 906 
rate of metabolism, 935 
reproduction and growth, 326 
sounding of, 273 
systematic position of, 314 
Winches, 333-335 
Wind currents, 492 
Antarctic Ocean, 617 
general character, 395-397 
in shallow water, 496 
secondary effect of, 500 
transport by, 498 
velocity, 494 

Wind drift of ice, 023, 666 
Wind factor, 494 
Wind streM, 489-491, 537 
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Wind wavat: 
breaken, 536 
effect on beaches, 1017 
dianpation, 536 

forms and characteristics, 523-527 
growth, 538, 535 
height, 582, 535 

importance to beach sediments, 1017- 
1019 

intoference, 529 
origin, 522 
particle velocity, 528 
period, 534 
short-crested, 531 
Wire ropes, 335-338 

Wood-boring organisms, 317, 841, 895^* 
896 

Wyville Thompson Ridge as a faunal 
barrier, 810, 849 

X 

X-ray methods in sediment studies, 947, 
988 


Y 

Year classes, 326-328 
Yellow Sea, 736 

Z 

Zoogeography: 

barriers: 

Bast Pacific, 803 
land, 803 

Wyville Thompson Ridge, 810, 849 
faunal areas, 273, 799-810 
Zooplankton (aee dUo Plankton), 812-823 
adaptations, 821-823 
collection and analysis, 378-382 
neritic and oceanic, 820-821 
permanent, 816-819 
production, 934-936 
relation to physicaJ-cheiaical environ- 
ment, 823 

relation to phytoplankton, 898-904 
temporary, 814-815 
ZoBtera (see Eel grass) 
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